The use of stable isotopic signatures of marine biota to map sewage effluent disposed into the marine environment by Gartner, Adam
Edith Cowan University 
Research Online 
Theses : Honours Theses 
2000 
The use of stable isotopic signatures of marine biota to map 
sewage effluent disposed into the marine environment 
Adam Gartner 
Edith Cowan University 
Follow this and additional works at: https://ro.ecu.edu.au/theses_hons 
 Part of the Environmental Monitoring Commons, and the Hydrology Commons 
Recommended Citation 
Gartner, A. (2000). The use of stable isotopic signatures of marine biota to map sewage effluent disposed 
into the marine environment. https://ro.ecu.edu.au/theses_hons/529 
This Thesis is posted at Research Online. 
https://ro.ecu.edu.au/theses_hons/529 
Edith Cowan University 
  
Copyright Warning 
  
 
  
You may print or download ONE copy of this document for the purpose 
of your own research or study. 
 
The University does not authorize you to copy, communicate or 
otherwise make available electronically to any other person any 
copyright material contained on this site. 
 
You are reminded of the following: 
 
 Copyright owners are entitled to take legal action against persons 
who infringe their copyright. 
 
 A reproduction of material that is protected by copyright may be a 
copyright infringement. Where the reproduction of such material is 
done without attribution of authorship, with false attribution of 
authorship or the authorship is treated in a derogatory manner, 
this may be a breach of the author’s moral rights contained in Part 
IX of the Copyright Act 1968 (Cth). 
 
 Courts have the power to impose a wide range of civil and criminal 
sanctions for infringement of copyright, infringement of moral 
rights and other offences under the Copyright Act 1968 (Cth). 
Higher penalties may apply, and higher damages may be awarded, 
for offences and infringements involving the conversion of material 
into digital or electronic form.
THE USE OF STABLE ISOTOPIC SIGNATURES OF MARINE 
BIOTA TO MAP SEWAGE EFFLUENT DISPOSED INTO THE 
MARINE ENVIRONMENT 
By 
A. Gartner 
A Thesis Submitted in Partial Fulfilment of 
the Requiremi.:::nts for the Award of 
Bachelor of Science (Environmental Management) Honours 
at the School of Natural Sciences. 
Edith Cuwan University, Joondalup. 
DATE OF SUBMISSION: 12.05.2000 
Supervisors: Dr Paul Lavery, Edith Cowan University 
Dr Albertus J. Smit, University of Western Australia 
USE OF THESIS 
 
 
The Use of Thesis statement is not included in this version of the thesis. 
ABSTRACT 
Recent work indicates that nitrogen stable isotopic signatures of aquatic biota can he 
used to link nutrient inpuls in the marine environment to terrestrial sources. While this 
technique of tracing nutrients has bct.:n shown to he effective in environments that arc 
not nutrient limited. it has not been proved that this method is effective in oligotrophic 
c,wironments. This study examined whether nitrogcn stable isotopic signatures of 
marine biota can be used to trace the distribution of sewage effluent in highly mixed, 
nitrogen limited waters. by examining the &1~N values of marine biota situated close 
to and distant from a secondary treated sewage outlet. The study was conducted in the 
vicinity of the Mannion Marine Park, off the coast of Ocean Reef, Western Australia. 
The study comprised two experimental components. The first component tested 
whether the 015N value of three macroalgal species (Ulva australis, Vidalia sp. and 
Eklonia radiata) with varying nutrient uptake capacities (high, medium and low 
respectively) were representative of the distribution of sewage dissolved inorganic 
nitrogen (DIN) over different time periods. Also, whether the 015N values of two filter 
feeding species (Clathria sp. and Pyura australis) were representative of the 
distribution of sewage particulate organic matter (POM). The second component was 
a laboratory experiment designed to confinn that this same set of species were 
actually able to develop an isotopic signature representative of sewage, when exposed 
to low concentrations of sewage in seawater. 
Results from the laboratory experiment confinned that all species, with the exception 
of E.radiata, developed higher isotopic signatures when exposed to very low 
concentrations of sewage nitrogen (1 :500 dilution in seawater). In the field 
experiment, the three species of macroalgae sampled north and south of the sewage 
outlet generally had higher 6 15N values than organisms sampled west of the outlet and 
at the reference site. This is consistent with our current knowledge of effiuent 
dispersal in the area. The results also suggest the plume moves further north than 
previously expected. Thus it was confinned that the 015N signature ofrnacroalgae can 
be used to trace sewage disposed in well mixed waters. It also appears that 
macroalgae are able to log a unique time-integrated record of ambient sewage, which 
ii 
can be used to provide data on the short and mcdiumMtcrm accumulation of sewage N 
into the bcnthic system. It is less likely that the low nutrient uptake species selected 
for this study (E.radiata) is capable of representing Jong term pallcrns in effluent 
dispersal. 015N values of hcnthic filter feeders <lid not provide comprehensive 
evidence to suggest that they can be used to represent the distribution of sewage 
POM, however trends found i11 thl.: field experiment for Chlathria sp. warrants further 
investigation. These results demonstrate that the 315N values of marine biota, 
specifically macroalgae, can be used to map the distribution of terrestrial nutrient 
sources affecting marine ecosystems in an oligotrophic environment and on a limited 
range of time scales. 
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CHAPTER I: INTRODUCTl()N 
This thesis presents the findings of resL"arch into 1hc usL" of stahlc isotopic signatun:s 
of marine organisms as tracers of sewage effluent in the marine environment. 
1.1 THE IMPACTS OF TREATED SE\\'AGE ON MARINE COMMUNITIES 
The total amount of sewage disposed into oceanic waters off the coast of Perth, 
Western Australia is predicted to triple within the next 40 years (Lord & Hillman, 
1995). Like Perth, many other large coastal cities around the world are faced with the 
dilemma of having to deal with increasing volumes of sewage that are a product of a 
large urban population (Coles & Ruddy, 1995; Bjork et al., 1995 ). Also like Perth, 
many of these cities are turning towards the marine environment as the major disposal 
site for their sewage wastewater effluents. 
In Australia, secondary treated sewage is the most common fonn discharged into the 
ocean. Secondary treated effluent has undergone treatment in which biological 
processes are used to remove most of the biodegradable, oxygen demanding wastes 
(Miller, 1994). Despite this treatment, secondary treated wastewater still contains 
significantly high levels of suspended solids, dissolved nitrogen (mainly as nitrates), 
phosphorus (mainly as phosphates), toxic metal compounds and synthetic organic 
chemicals (Mille1., 1994). Consequently, this sewage effluent has the potential to 
negatively impact biological communities. 
Monitoring has shown concerning declines in diversity and abund.i.ncc of flora and 
fauna on reefs in the vicinity of sewage outlets (Brown et al., 1990; Munda, 1993; 
Hardy et al .. 1993; Kelly, 1995). These types of changes often occur over depth or 
distance gradients (Brown et al., 1990; Munda, 1993) in which the most significant 
impacts are found near to, or at the site of the effluent outlet (Rosenburg et al., 1990). 
Direct impacts on macroalgal reef communities that occur through nutrient loading 
include changes to species diversity, distribution and abundance resulting in 
structurally simple communities (Dhargalker, 1986; Coles & Ruddy, 1995). Such 
Cl I APTER 1.0: I N'J'k,OJ)I J(:Tl(1N 
communities often consist of opportunistic spccil.:s, such as Ulm VJ,, which take 
ad\';,mtagc of the increased nutrient availahility (Dhargalkcr, 1986; Lyngbc & 
J\11ortcnscn. I 994;), \\'hilc more sensitive groups, such as hrown and r1.:d algae, perish 
due to the toxicity or th1.· effluent or reduced competitive ability (Pcckol & Rivers, 
1996). 
Indirect impacts of nutrient loading on marine communities arc just as common in the 
literature (Kirkman, 1989; Masini et al., 1990; Peckol & Rivers, 1996). Indirect 
impacts differ from direct impacts in that they alter some part or facet of the habitat in 
which an organism lives, thereby preventing the organism from efficiently 
assimilating one or all of its Ii fe requirements (e.g. nutrients, oxygen, sun Ii ght~ etc: 
Bjork et al., 1995; Peckol & Rivers, 1996). A common example of an indirect impact 
is with reduced productivity of benthic macroalgae resulting from the reduced light 
availability. This occurs with increased growth of phytoplankton and sedimentation 
following nutrient enrichment (Bjork et al., 1995). These types of impacts are 
especially severe for species of benthic macroalgae that have a low tolerance limit for 
habitat change (Hardy et al., 1993). 
The impact of sewage effluent on reef macrofauna assemblages is less well known. 
Unfortunately, this does not mean that these organisms are not affected. Sponges and 
ascidians both filter particulate organic matter from the water column and as such, are 
likely to assimilate particulate matter which is released as a component of the sewage 
effluent. Reports on spatial and temporal patterns in macrobenthic diversity by 
Carballo et al. (1996) and Roberts (1997) both suggest that sponges and ascidians are 
sensitive to stresses associated with sewage pollution. Mericy (1989) is more 
definitive in his conclusion of the impacts of sewage effluent on sponge communities, 
and suggests a strong relationship between losses in species diversity and increases in 
the volume of sewage pollution. However, as pointed out in the studies (Carballo et 
al., 1996; Roberts, 1997), these findings are inconclusive, as large natural variations 
in species diversity and abundances often mask the impacts of sewage effluent on 
sponge and ascidian communities. 
The consequences of a breakdown in community structure for both macroalgal and 
macrofauna species has important implications for environmental managers. In 
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particular, macroalgal assemblages have a known capadty for habitat prov1s1on, 
nutrient uptake and cycling (Rosenburg et al .. 1990). Although their role in the marine 
ecosystem is less well known, sponges and ascidians also play an important role in the 
functioning of marine systems (Carballo et al., 1996; Roberts, 1997). As such, it is 
important for environmental managers to understand effluent plume dynamics and 
dispersion patterns in local marine environments, so that steps can be taken to best 
manage the sewage effluent to prevent future impacts on marine habitats. 
A first requirement of assessing the impacts of sewage effluent on marine biota is 
understanding where sewage is dispersing and, hence, which biota are potentially 
being affected. To be certain that an area has potentially been disturbed by sewage, 
environmental managers must be confident that the area is being exposed to sewage 
effluent. The marine environment is often selected as the disposal site for sewage as 
the generally high mixing and flushing rates cause the effluent to be quickly blended 
into background waters (Lord & Hillman, 1995; Pattiaratchi & Knock, 1995). These 
mixing processes make it difficult to trace the distribution of effluent, and may 
prevent managers from positively identifying sites affected by sewage effluent. As 
such, it is often difficult to disentangle natural variability in biodiversity from that 
caused by sewage. The overall objective of this research project is to explore an 
alternative method for monitoring sewage effluent that will overcome this problem 
and provide management agencies with greater accuracy in measuring the distribution 
of sewage effluent. 
1.2 CURRENT METHODS FOR MONITORING PLUME DYNAMICS AND 
DISPERSION 
Until recently, monitoring plume dynamics in the vicinity of sewage outlets has relied 
heavily on nutrient concentration modeling to depict the flow of sewage effluent. That 
is, by coupling spatial and temporal nutrient data with data on local oceanic 
conditions (salinity, temperature, wind direction, wave direction, currents, etc.) a 
reasonable estimation of the effluent plume dispersion pattern can be predicted (Lord 
& Hillman, 1995; Patiiaratchi & Knock, 199 5). 
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A ltcmativdy. phytoplankton biomass has hccn used as an indicator for 111011 i to ring 
nutrient conccntrat ions around sewage outlets ( K inhi II, 1997 ). Stoch imrn..:11 ic ana lys(.!s 
indicate that phytoplankton can h1: u major sink for di ssulvcd ; norgan ic nutrients 
(Kinhill, 1997). As such, peaks and troughs in primary productivity and chlorophyll a 
concentrations can be positively correlated with changing nutrient levels associated 
with nutrient loading from sewage outlets. Theor;::tically therefore, phytoplankton can 
be used to map spatial and temporal variations in nutrient concentrations in oceanic 
waters. As the availability of nitrogen is most likely to limit algal biomass (Kinhill, 
1997), this is espt:cially useful for waters that are nitrogen limited. 
Although these methods for tracing sewage effluent can give a reasonable indication 
of plume dispersion and dynamics, they often rely upon many assumptions as to how 
the plume is actually behaving. This is especially the case with numerical modeling 
of plume distribution. Numerical models rely on generalized equations and may 
accurately predict plume dispersal and flow patterns on large temporal or spatial 
scales, or for 'steady-state' averaged conditions. Importantly however, short-tenn 
temporal and spatial changes in effluent distribution are likely to be missed as :he 
models typically estimate plume behavior under 'normal' conditions and cannot 
account for short term or extreme events. 
Typically monitoring programs, such as the two discussed here, use spot sampling 
techniques to collect the data that are used in numerical models that predict the 
distribution of sewage plumes. A spot sampling strategy can provide an accurate 
picture of effluent dispersal at a single point in time. However in coastal waters such 
as Pt::rth that are highly variable and most often very well mixed (Pattiaratchi & 
Knock, 1995), the direction and distribution of sewage effluent can change very 
abruptly. As such, spot sampling may not actually be representing the longer-term 
distribution of sewage effiuent. Due to the large expense associated with spot-
sampling monitoring programs (personnel, equipment, nutrient analysis, etc.), these 
types of studies occur relatively infrequently. This can be at a cost to the 
representativeness, and usefulness, of results. 
Another limitation of these methods is that they require the coupling of nutrient 
concentration data with either physiochemical data or biological productivity data. 
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This is useful in waters where nutrient concentrations can be recorded with a high 
degn:e or accuracy. However, in many coastal lagoons, the waters arc very well 
mixed (Pattiaratchi & Knock, 1995) and detectable changes in nutrient concentrations 
abate very rapidly with distance from the outlet. As such, assumptions on the 
dispersion of the plume must he based primarily on supporting data (physiochemical 
and biomass data) and conf1icting estimates of the plume behavior can result (Lord & 
Hillman. 1995; Kinhill. 1999). 
To overcome these limitations a more effective means of monitoring effluent 
dispersal is required. The ideal technique must be ~blc to accurately provide an 
integrated picture of the effluent plume, which is not biased by extreme or short~term 
changes in the distribution of the wastewater effluent. The method of monitoring 
sewage effluent must also be sensitive enough to detect subtle differences in nutrient 
concentrations as a result of sewage nutrient loading. This is because the marine 
environment is often oligotrophic, and nutrient concentrations are at the limit of 
detection. Recent work indicates that measuring the stable isotopic signature of 
aquatic macrophytes may provide an alternative means of tracing sewage dispersal in 
well-mixed waters, which meets the above requirements (Handley & Raven, 1992; 
Udy & Dennison, 1997; McClelland & Yaliela, 1998). 
1.3 NATURAL ABUNDANCE ST ABLE ISOTOPES 
Most of the major elements (e.g. oxygen, hydrogen, carbon and nitrogen) exist in a 
number of isotopic fonns. Isotopes are different fonns of the same element with the 
same number of protons and electrons, but varying numbers of neutrons and thus 
different atomic weights (Solomon et al., 1993). For example, nitrogen occurs as 14N 
and 15N, with the latter having one additional neutron. The ratio of light to heavy 
isotopes in an organism is referred to as its isotopic signature or, isotopic ratio. 
Organisms will assimilate different isotopes of the same element at different rates 
and therefore acquire a particular ratio of both. Isotopic ratios are expressed as a delta 
value 'o', which is a measure of the relative abundance of the heavier isotope 
compared to a given standard (O'Leary, 1980). The conventional method for 
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calculnting the 11atu1 al abundance of an isotopic ratio is given hy the f"o I lowing 
expression ( using 1 ·'iN as the example): 
815N = R sample - R reference x l 000 
R reforencc 
Where R is the ratio of 14N + 1~N/ 14N + 14N, which is equivalent to the m/z 29 and 
m/z 28 ion peak heights measured on the mass spectrometer, used for isotope 
analysis (Owens, 1987). 
When orgamsms assimilate nutrients from a food or mineral source (including 
anthropogenic sources such as sewage), they incorporate the various isotopes of these 
nutrients into their tissues (O'Leary, 1980; Elheringer & Runde!, 1989; Lajtha & 
Marshall, 1994). This may be done indiscriminately, in which case the organism will 
have the same isotopic signature as that of its source (however only under certain 
conditions), or the organism may discriminate in favor of the light or heavy isotope 
(Macko & Ostrom, 1994). As such, isotopic values often change in predictable ways 
as elements are cycled through the environment (Peterson & Fry, 1987). If a plant 
exposed to sewage effluent acquires a ratio reflecting that of sewage, then this offers 
a potential mechanism for tracing sewage that is independent of nutrient 
concentration and time limitations. 
In many cases, oreanisms have been found to significantly discriminate against either 
the light or heavy isotope ( Wada & Hattori, 1978; Marriotti et al., 1984; McClelland 
& Valiela, 1998). To account for these discriminations, otherwise known as isotopic 
effects, calculations have been developed to predict changes in isotopic signatures 
(Owens, 1987). The concept of an 1isotope effect' and its physical manifestation, 
fractionation, is central to the notion that stable isotopes can be used to trace nutrient 
sources (Owens, 1987). An isotope effect is the process which gives rise to isotopic 
fractionation, fractionation being the unequal partition of isotopes between the 
substrate of a reaction, and the products formed during the reaction. The degree to 
which the isotope effect influences a reaction can be used to calculate a fractionation 
factor (see Owens, 1987). The fractionation factor indicates a predictable change in 
the isotopic signature of a product following a reaction, such as in the assimilation of 
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nutrients by an organism. It is important to 1101.e the dh;tinction bctwccn isotope effect 
and fraction at ion, as a \though an isotopc cffcct usua\l y occurs, fractionation is not 
al ways obscr\"ah le. 
The principal cause or the nitrogen isotope ef!cct is the higher vibrational frequency 
of bonding that occurs bctwcl!n the lighter ( 1N) isotope than the heavier isotope 
( 15N). This leads to an increase in the probability of bond fission between the lighter 
isotopes, thus grcatl!r relative reactivity of 14N over 15N (Owens, 1987). Typically, 
most reactions involving nitrogen eonfonn to this general model. 
1.4 THE POTENTIAL USE OF MARINE BIOTA IN TRACING SEWAGE 
EFFLUENT 
Macroalgae are totally dependent on dissolved inorganic nitrogen (DIN) from the 
water column for all of their nitrogen requirements. Often the marine enviroriment 
can be nitrogen limited, such is the case with Perth coastal waters (Lord & Hillman, 
1995; Kinhill, 1999), and any additional nutrients to the water column from 
alternative sources, such as sewage effluent, will most often be assimilated by algae 
(Dhargalker, 1986; Lyngbe & Mortensen, 1994). As macroalgae can be considered a 
major sink for DIN, it is possible that they can be used to identify nutrient inputs 
from terrestrial sources, if a mechanism is available that will di8tinguish whether 
macroalgae are assimilating nitrogen from a particular source other than oceanic 
DIN. Stable isotopes provide a potentially very useful mechanism that will confinn 
whether macroalgae are assimilating sewage nitrogen from the water column. 
Marine macroalgae, due to their varying nutrient uptake capacities, not only offer the 
potential to trace sewage dispersal in the marine environment, but also to indicate 
trends in the time-scale of that dispersal. According to Littler (1980), macroalgae 
species can be classified into functional groups according to morphology, which in 
theory, is directly related to their nutrient uptake capabilities. In situ experiments 
performed by Wallentinus (1984) confinned that thin sheet-like macroa\gae such as 
U/va sp., tend to have very high nitrogen uptake rates, filamentous and coarsely 
branched species have moderate uptake rates and macroalgae with thick leathery 
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blades, such as kelp. tend to lm\'C very low nitrogcr1 uptake rati::s. This is lx:caus(.: 
nutrii:nt uptake rates arc primarily gtw(.:rncd by thallus morphology, which rclat(.:s to 
bl.idc surface: volume ratios as opposed to the phylogenetic affinity of the spccies 
( Walkntinus. I ')84 ). 
The o 15N and o uc val ucs for macroalgac with di ffcrcnt nutrient uptake capaci tics arc 
likely to reflect the assimilation of nutrients over varying periods of integration. 
Species with a high nutrient uptake capacity could be expected to have an isotopic 
signature reflective of nutrients assimilated over a relatively short period of time. 
This is because these organisms can assimilate nutrients very rapidly, and the 
accumulated nitrogen in their tissues will be a representation of nutrients assimilated 
in the pervious short-term. Thus the short-term distribution of the plume would be 
represented by organisms with comparatively high delta values where they have 
predorr..inantly been exposed to sewage effluent, and low delta values where they 
have not come into contact with effluent. Alternatively, species that have moderate 
and slow nutrient uptake capacities, could be expected to have isotopic signatures 
that are reflective of nutrients assimilated over moderate and long time periods 
respectively. These organisms could also expect to have comparatively high delta 
values where they are consistenly being exposed to effluent. However, it is also likely 
that slow nutrient uptake organisms, that are occasionally exposed to sewage effluent, 
will also have an isotopic signature that is higher than organisms that are seldom, or 
never exposed to effluent. This is because integration of nutrients and tissue turnover 
rates are slow (Stephenson et al., 1984), and assimilated nutrients remain in the tissue 
for long periods of time. Thus, any sewage assimilated over this period of integration 
will remain in the plant tissues and be reflected in the isotopic signature of the plant, 
although the signal may be weaker than plants with faster nitrogen uptake capacities. 
As the nitrogen isotopic signature of macroalgae is primarily a function of the 
nutrient source, as opposed to the concentration of nutrients (Owens, 1987), it is 
likely that it can be used to overcome limitations associated with measuring the 
distribution of the plume at distance from the outlet. As discussed in section 1.2, 
using conventional methods in measuring the distribution of sewage effluent, 
detectable differences between background nutrients and sewage effluent abate very 
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rapidly with distance from the outlet. As macroalgae arc likely to assimilate any 
additional DIN to the marine environment when conditions arc nitrogen limited, the 
presence of sewage c fllucnt is Ii kc! y to he ex pressed in the i!,;otopic si gnaturc or 
macroalgac. Given that macroalgac arc able to Jcvclop an isotopic sign.itun; 
reflective of sewage effluent. they can be used to detect the influence of sewagL: 
effluent even under oligotrophic conditions. Thus, macroalgac that arc const ... ntly 
exposed to sewage diluent as a result of a predominant directional now in the plume, 
even at distance from the outlet, could also expect to have comparatively higher delta 
values than organisms that arc seldom exposed to the effluent. 
As per macroalgae and dissolved inorganic nitrogen, to be certain that other marine 
biota such as filter feeding organisms are being affected by sewage, managers must 
be confident in the distribution of sewage particulate organic matter. Many 
monitoring programs primarily focus on the distribution of dissolved inorganic 
nitrogen and phosphorus to trace the distribution of sewage effluent, while particulate 
organic matter is often neglected. Filter feeding organisms such as sponges and 
ascidians assimilate particulate organic matter from the water column and as such, 
there is a possibility that these organisms may assimilate POM released as a 
component of sewage effluent. If these organisms arc assimilating se\\.:agc POM and 
are able to develop an isotopic signature which is reflective of sewage, then they 
potentially offer environmental managers a method of monitoring sewage POM, as 
opposed to assuming it has the same distribution as sewage DIN. 
1.5 VARIATIONS IN l]C AND 15N IN THE MARINE ENVIRONMENT 
If spatial and temporal variations in stable isotopic signatures are to be used for 
tracing sewage effluent in marine ecosystems, as this study is suggesting, it is 
essential that other potential sources of variation are understood, so that naturally 
occurring processes are not interpreted as changes brought about by sewage effluent. 
Natural variations in 815N and &13C values can be found in any environment 
(Stephenson et al., 1984; Farquhar, et al., 1989; France & Holmquist, 1996). In a 
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significant piece of research, McMillan d al. ( 1980) sampled 47 species of scagrass 
worldwide and found that ;_.; 1\~ \'al ucs ranged by 20. 8''/,.,. More rccc11t st udi cs have 
shown carbon 0 1\" \·al ucs to range from -'JO"/,#, to 1 2 5''/,~, ( Eh I cringer & R un<lel, 
l 9SIJ) a11d ni trogcn t'l 1 'N \'al ues tn cover a k nnwn range or -4')"/,,,, to + 4'/'/,,,, over 
tcm:strial. frcslr>,\'atc.:r, estuarine am! marine organisms (Owcns, i 9~7 ). 
A signi tie ant source of variation or 1 \: values amongst mar; nc plants is the isotopic 
composition or availahle inorganic carbon ( Farquhar, el al., 1989; France & 
Holmquist. 1996 ). Hcmminga and Mateo ( 199(,) attributed significantly higher o13C 
values to seagrass populations in which thci r assimilated carbon source \Vas HC03 
(-0%0) compared to CO2 which has a natural &13C value of approx. -7.8''/,,,, It was 
assumed by Hemminga and Mateo (1996) that the high affinity for HC03- was a 
response to growth conditions that were induced by low concentrations of CO2. 
Water motion also represents a major factor influencing the o13C value of aquatic 
plants (France & Holmquist, 1997). Reduced motion increases the diffusion 
boundary layer thickness around plant tissues leading to carbon limitat10ns. Under 
these conditions discrimination of 13C can result, leading to increased 81 JC values 
(France & Holmquist, 1997). The high 8 1 Jc values arc thought to reflect diffusional 
constraints on the carbon supply to the plant tissues, which limits the fixation of CO2 
(Farquhar et al., 1989). 
Until recently, nitrogen stable isotopes e5N/14N) have been less used than carbon 
isotopes in environmental studies. This is due to the naturally lower fractional 
abundance of 15N compared to 13C, the greater complexity of the N cycle compared 
to the C cycle, and their smaller expressed discriminations in nature (Handley & 
Raven, 1992). However, attempts have been made to identify sources of variation in 
populations of marine plants (Goering et al., 1989; Handley & Raven, 1992; 
McClelland & Valiela, 1998). 
It is well established in the literature that algae which derive their nitrogen from 
atmospheric fixation are most likely to have o15N values very close to O°lon. that of 
atmospheric nitrogen (Cline & Kaplan, 1975; Owens, 1987; Handley & Raven, 
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1992). Generally, this range of values falls somewhere hct\,.,ccn -2 to 1 2 '';,,,, although 
on an individual species husis, a greater range of values could also he expected duc to 
the high natural variability of delta values between species (Owcns, 1987). 
Altcmatively, dcnitri lication has been associatc<l with comparatively much highcr 
delta values for algal speci cs ( + 10 to + 18";,~,: Cli nc & Kaplan, 1975 ). Th is is <l uc to 
the high isotopic fractionation effect that occurs with dcnitri fication (Owens, 1987), 
most often resulting in a large <liscrim i nation of 14N by the cud member product ( e.g. 
algae). 
Mariotti et al. ( 1 984) demonstrated a strong seasonal variabi Ii ty in the 15N content of 
suspended. particulate material (SPM). Delta 15 N values ranged 8''/,,,, between summer 
(SPM bloom), autumn (post bloom) and spring (pre bloom). Similar differences 
where reported by Tipping (Unpublished, 1999) in the Maimion Marine Park. It was 
hypothesised by Owens ( 1987) that a high seasonal difference in delta values, may 
occur as a result of phytoplankton alternating their dissolved nutrient sources 
(ammonium with comparatively low S15N and nitrate with comparatively high S15N) 
between seasons. It is likely that phytoplankton may alternate between nutrient 
sources when one source becomes limited under bloom conditions. 
If carbon and nitrogen stable isotopic signatures of marine biota are to be used for 
tracing sewage effluent, then sampling strategies or monitoring programs which 
employ this technique must be able to account for natural variations in 815N and S13C. 
This is to ensure that the isotopic signature is reflective of sewage effluent and not an 
artifact of a naturally occurring process. 
1.6 USING STABLE ISOTOPES TO TRACE NUTRIENT SOURCES 
In order to be able to use natural abundance stable isotopic signatures to trace 
pollutants through the environment, certain criteria must be met. The primary sources 
of interest must be isotopically distinct from each other so that when an organism 
develops an isotopic signature reflective of its main nutrient source, the sources can 
be distinguished from one-another (Owens, 1987). Also, the isotopic signature of the 
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source musl nol change as the material is transported and transfonm:tl through tht: 
cnvi mnmcnt. Thal is. frat:! ion at ion 11111st not occur. I I is possib It: to trace the 
distrihut ion or .m isotope as it is i m:orporatcd into the ti ssuc of' organic matter if the 
stable isotopic signature of the nutricnt products remain stable as they arc transported 
and transfonncd through the cn\'iromm:nt( Macko & Ost ram, 1994 ). Ir hc)\vcvcr, 
fractionation docs occur. the degree to which the isotopic si gnaturc consi stcntly 
changes as the nutric:nt is cycled through the environment must he knO\vn. This is 
called its fractionation ratio (sec section 1.3 for explanation). The fractionation ratio 
can then be applied to mixing 1110dels to determine whether a nutrient source has 
been assimilated by a particular organism (Owens, 1987; Ben-David et al., 1997). 
This method of nutrient detection is distinct from conventional methods described in 
section 1.2, in that it is not directly concerned with the relative abundance of 
nutrients in the system (Kinney & Roman, I 998). 
In a study on the land derived sources of nutrients in eutrophic estuarine waters, 
McClelland and Valiela ( 1998) found that transformations and losses of wastewater 
N, as it traveled from a septic tank into an aquifer, produced water enriched in 15N 
relative to nitrate from natural soils. This resulted from the volatilization of ammonia 
and denitrification removing 14N at a faster rate than 15N, so that the remaining waste-
waters were enriched in 15N. Correspondingly high 815N values were found in the 
eelgrass Zostera marina growing in the vicinity of 15N rich waters, indicating the 
likelihood of the Zostera marina beds to be assimilating the nutrients from the 
effluent enriched wastewater. 
Similarly a study on seagrasses in Morton Bay, Queensland, indicated that o15N 
values were significantly higher where the seagrass assemblages were exposed to 
treated sewage, - 9.0°foa (Udy & Dennison, 1997). Seagrasses at sites not effected by 
sewage had much lower o15N values (-3.5%11), closer to the 815N values associated 
with Nz fixation. As such, the seagrass assemblages provided a potentially strong 
indicator for the movement of sewage through the ecosystem. These two case studies 
do not stand alone, as very similar findings have been reported by Fry et al. (2000) 
and Grice et al. (1996). These studies provide confinnation that natural abundance 
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st.ihlc isotopic sign.1turcs t:an he used lo effccti vcly trace di ffcrcnt II ulricnl sources in 
lhc marine cnvironmi.:nt. 
To hi.: t:t.·rtain that the distribution of si.:w.1ge cflluent in the mari 11c l~ll vi ronrncnt is 
being d1;1r.K'lcri1.i.:d in the stab Jc isotopic signature or mari nc hinta, there must he 
con ti nn.11ion that organisms wi 11 actually develop an isotopic signal urc that j s 
re llcct i vc of sewage. A II l1 f the studii.:s mentioned above have occurred in estuari nc 
or m.irinc envi nmmcnts when: nutrients from sou recs such as se,,:agc c fl1 ucnt arc 
readily avail.ib 1 • There is no evidence to suggest that macroalgac arc capable of 
dc\'eloping ;_;1 isotopic signature rcflccti\'c of sewage effluent in an oligotrophic 
environment with limited exposure. Therefore, if the stable isotopic signature of 
marine biota is to be used to trace sewage effluent in this type of environment. there 
must be validation that these organisms are developing an isotopic signature even 
when exposed to very low concentrations of nutrients. 
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I. 7 :\ll\lS 
Th,.: oYcrall aim of 1his projecl 1s to tt:sl whether marirn: m;1croillgae and Ii lter li.:eding 
organisms growing in the Yil.'.inity of sewage outlets. arc ahlc It, dcYclor an isotoric 
signaturt: which is rdl1.:ct iw or their ex posu rr.: to lhr.: cm ucnt. The s111.:c i Ii<.: aims arc 
to: 
I. Test whether spatfal trends in sen·age dispersal are expressed in the stable 
isotopic signature of reef macroalgae with varying nutrient uptake capacities. 
2. Test whether filter feeding organisms arc capable of de\·eloping an isotopic 
signature which is characteristic of particulate organic mauer released as a 
component of sewage effluent. 
3. Confirm under laboratory conditioas, that the same set of organisms when 
grown in low concentrations of se,1rnge, will de\·elop isotopic signatures 
reflecting that of their nutrient source. 
To achieve these three aims, the study was conducted as two separate components. To 
address aims 1 and 2, a field sampling strategy was employed to collect macroalgae 
and filter feeding organisms from around the Ocean Reef sewage outlet and Alkimos 
reference site to establish whether a nitrogen isotopic gradient occurred with distance 
from the outlet. Carbon isotopic signatures were also recorded in this study as 31.1c 
values can increase the power of mixing models ,vhich are used to estimate the 
relative contribution of sewage effluent assimilated by macrophytcs aud they arc a 
useful source of documented results for future studies of this kind. Tissue samples for 
nitrogen and carbon isotope analysis were taken from three macroalgac, one sponge 
and one ascidian spec! ~s and compared against isotopic values of background 
seawater, sewage and groundwater to measure the degree of influence that the sewage 
effluent had on the sample species. 
To achieve the third aim, a laboratory experiment was conducted in which the same 
species were grown in either the presence or abs•:nce of sewage, under controlled 
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conditions. This experiment tested whether specific marine plants and animals arc 
capabk of developing an isotopic signature characteristic of sewage when exposed to 
very low cfflw.~nl concentrations, and hence confirm results found in the field. 
1.8 THESIS STRUCTURE 
This chapter (Chapter I) introduced the study and its two components, provided a 
general background on how natural abundance stable isotopes can be used to trace 
sewage effluent in a marine environment and explained the relevance of this study to 
environmental management. Chapter two will cover the experimental design, the 
methods and materials used for each component and the justification for those 
methods where relevant. Chapter 3 presents the nitrogen and carbon stable isotopic 
signatures of the nutrient sources, macroalgae and filter feeders from field sampling 
and laboratory experiment, and results from the application of mixing node ls. Then in 
the final chapter (Chapter 4) the results will be discussed in the light of t:1e potential 
use of stable isotopic signatures of macroalgae and filter feeders to trace sewage and 
the relevance of these results to environmental managers. 
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CHAPTER 2: METHODS & MATERIALS 
To achieve the aims of this study, the project had two components. Section 2.1 
focuses on licld measurements of o15N and 61\: in marine organisms around the 
Ocean Reef sewage outlet, and addresses Aims I and 2. Section 2.2 details a 
laboratoty experiment in which the same set of organisms were grown in a controlled 
environment. This was to confirm that these organisms, when grown in the presence 
of sewage, were able to develop a isotopic signature characteristic of sewage effluent, 
thus addressing Aim 3. 
2.1 FIELD EXPERIMENT 
A field sampling program was designed to achieve the following aims: 
I. Test whether spatial and temporal trends in sewage dispersal are 
expressed in the stable isotopic signature of reef macroalgae with varying 
nutrient uptake capacities. 
2. Test whether filter-feeding organisms are capable of developing an 
isotopic signature which may be characteristic of particulate organic 
matter released as a component of sewage effluent. 
2.1.1 Study Area 
The study was conducted off Ocean Reef, Western Australia focusing on the low 
relief reef system surrounding the Been yup secondary treatment sewage outlet (Figure 
2.1). The area is managed by the Department of Conservation and Land Management 
(CALM) and falls within the Mannion Marine Park boundaries. 
The sewage outlet lies 1.8 kilometers directly west of the Ocean Reef Marina within a 
shallow, semi-enclosed body of water, approximately 30 km north of Perth (Plate 
2.1 ). The study area is characterized by a thin, variable layer of sand overlying 
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limestone pavement reef Surrounding the immediate study area is a high relief reef 
system running parallel to the coast, which has helped form the coastal lagoon (Searle 
& Semeniuk, 1985; Simpson & Ottaway, 1987). Consistent oceanic swells from the 
west and southwest ensure that the lagoon is generally very well mixed (Pattiaratchi 
& Knock, 1995). This high energy wind and wave environment also ensures that 
pavement and low relief reefs are periodically covered by sand banks, often 
prohibiting the formation of stable macroalgal assemblages (Lord & Hillman, 1995). 
The marine park sub-tidal reefs contain a complex substrata, with a variety of slopes, 
aspects and angles. The dominant macroalgae species in the area are Eklonia radiata 
and Sargassum spp. , which form the dense upper canopy of most reef assemblages 
(Walker et al. , 1991). Beneath these canopies, a variety of foliose and coralline red 
algae, and some smaller green and brown algae, also occur. These understorey 
species, however form only a minor component of the total algal biomass of the 
macroalgal assemblages (Simpson & Ottaway, 1987). 
Also of importance to this study are sponges and ascidians. Sponges and ascidians 
often form distinct assemblages in caves and overhanging platforms. However, they 
are also known to occur in crevices on low-relief reef areas where insufficient light 
precludes algal growth (Walker et al. , 1991). 
Plate 2.1 Ocean Reef Marina and Marmion Marine Coastal Lagoon. North is to the right of 
the photograph. 
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Indian 
Ocean 
Figure 2.1 Map showing the location of the Ocean Reef sewage outlet represented by the 
blue circle. The Alkimos reference site is represented as the green circle and the two black 
circles represent the Swanbourne and Cape Peron wastewater outlets (Map taken from the 
PCWS, 1995). 
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2.1.2 Field Sampling Strateg)' 
Three algae, J._~k/onia mdiata (C'. Agardh), Ulva australis Arcschoug (Sonder), Aff 
Vidalia .sp, one sponge (Ajf. Clathria sp.) and one ascidian species Pyura austral is 
(Quoy G:.i.inard) were collected for isotope analysis. These organisms were collected 
from p·Jvcmcnt and low-relief reef outcrops along 3 transects, running north, south 
and ,,·e:st of the diffuser (Table 2.2; Figure 2.2), as well as from a reference site. Each 
tran::,:ect was approximately 2km (.±50m) in length covering the reported ;:!Xtcnt of the 
sewage plume radius based on a physiochemical data presented by Lord & Hillman 
( 1995). Where possible. three replicate samples of each organism were randomly 
collected from four sites, spaced at approximately 500m intervals along each transect 
(Table 2.1 ). The reference site, Alkirnos, situated I 8.5kms north of the outlet had 
similar habitat types and species diversity to the region around the outlet. 
Replicate samples of marine water and ground water were taken from the region. 
Marine water was collected from all sites along the western transect (sites 9 to 12) and 
directly above the outlet from a depth of approximately I .Om. Ground water was 
collected from three Water Corporation of Western Australia groundwater bores, 
located between 500m and 2.5km inland of the Ocean Reef Marina (see Appendix F). 
Secondary treated sewage effluent was obtained from the Beenyup sewage treatment 
plant. 1t was essential to have an isotopic signature for the nutrient sources so that 
mixing models could be applied to the experiment. Mixing models determine the 
approximate amount of nutrients assimilated by an organism based on its isotopic 
signature and that of its nutrient sources ( see section 3. 3 ). 
Transect South Transect North Transect West Reference 
Site No. 1 2 3 4 5 6 7 8 9 10 11 12 13 
Eklonia radiata 3 3 3 3 3 3 3 3 3 3 3 3 3 
Ulva australis 3 3 3 3 3 3 3 3 3 3 3 3 3 
Vidalia sp. 3 3 3 3 3 0 3 3 3 3 3 3 3 
C/athria sp. 3 3 3 0 0 0 0 0 3 3 3 3 3 
Pyura australis 3 3 3 I 3 3 3 3 0 3 3 0 3 
Table 2.1 Tabulated experimental design, outlining the number of samples that were 
collected of each species from each site around the sewage outlet (1 to 12) and from the 
reference site (13). 
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Ocean Reef Sewage Outlet 
N ~'8 
S7 
S6 
S5 
Sl2 SJO Sll 
S9 
S4 
S3 
S2 
SJ 
lkni S =Site 
Figure 2.2 Location of the twelve sampling sites around Bcenyup Wastewater Outlet. 
Transects run north, south and west of the sewage outlet. Sites are spaced at approximately 
500m (± 50m) along each transect. The reference site, S 13, is not shown on this map, but was 
18.5km north of the outlet (precise locations of all sites are provided in table 2.2). 
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2.1 J Site Selection 
Sites were chosen at approximately 500 metre intervals along each lranscct (Table 
2.2). Low relief reefs were specifically targeted to provide a consistent bcnthic 
substrata from which to sample organisms, as well as to avoid changes in depth where 
possible. This is because o 13C, and possibly o 15N values can be inn uenccd by depth 
(Grice et al.. 1996) which acts as a surrogate for light availability in the marine 
environment. Site 9 along the western transect, was located cast of the outlet as there 
were no exposed reefs within 900 meters of the outlet in a westerly direction. This 
was not assumed to be a major concern to this study as firstly, the site still lies on a 
east-west transect. And secondly, the objective of aims 1 and 2 was to determine if an 
isotopic gradient occurs with distance from the outlet, which should be able to be 
proved irrespective of the direction of sampling. The Alkirnos reference site was 
selected for its distance from the outlet (18.5km), as it was unlikely to be influenced 
by the plume (Lord & Hillman, 1995; Kinhill, 1999). It was also essential for all of 
the species used for isotope analysis to be present at the control site. 
Transect Transect Transect 
South North West 
Site 1. E 377675 Site 5. E 377375 Site 9. E 378200 
Depth= 11m N 6482950 Depth= 10m N 6485375 Depth= 10m N 6483675 
D 1950m D 500m D 675m 
Site 2. E 377575 Site 6. E 377250 Site 10. E 376675 
Depth= 12m N 6483452 Depth= 11m N 6485875 Depth= 12m N 4685025 
D 1450m D 1000m D 950m 
Site 3. E 377750 Site 7. E 377050 Site 11. E 376100 
Depth= 11m N 6483825 Depth= 11m N 6485375 Depth= 12m N 6484900 
D 1000m D 1400m D 1500m 
Site 4. E 377650 Site 8. E 377250 Site 12. E 375625 
Depth= 10m N 6484275 Depth= 12m N 6486575 Depth= 15m N 6484875 
D600m D 1825m D 2000m 
Reference E 371174 Outlet E 377500 
Site 13. N 6501700 N 6484875 
Depth= 12m D 18500m DOm 
Table 2.2 Position co-ordinates for sites 1. to 13. E = castings, N = northings, D = distance 
from the outlet. The position co-ordinates for each site correspond with the Australian Map 
Grid, Australian Geodetic Datum. 
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2.1.4 Species Selection 
In response to issues raised in sections 1.4 and 1. 5 and to address the first aim, 
macroalgal species were selected based upon their expected nutrient uptake capacities 
(Littler, 1980; Wallentinus, 1984). The short-lived chlorophyte Ulva australis (Plate 
2.2) was chosen to represent a high nutrient uptake capacity, Vidalia sp. (Plate 2.3), a 
rhodophyte, for intermediate lived and moderate uptake capacity and the canopy 
forming phaeophyte, Ecklonia radiata (Plate 2.4) was chosen to represent long-lived, 
low nutrient uptake capacity. 
To address the second aim (see section 2.1.2), sponge and ascidian species (Plates 2.5 
and 2.6 respectively) were chosen as they filter particulate organic matter from the 
water column (Solomon et al., 1993). 
' ' 
Plate 2.2 Ulva australis. This species of macroalgae has characteristically thin leaf blades 
which promotes high nutrient uptake rates. 
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Plate 2.3 Vidalia sp .. This species of macroalgae is characterized by thin, foliose 
branch like leaves, normally associated with moderately high nutrient uptake rates. 
Plate 2.4 Eklonia Radiata. This very common species of macroalgae along the West 
Australian coastline is predominantly very slow growing, owing to its low nutrient 
uptake capabilities and large thick leaves. 
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Plate 2.5 Clathria sp. This filter-feeding organisms, commonly known as a sponge, 
attaches itself to overhangs and in crevices in the reef 
Plate 2.6 Pyura australis. This ascidian species, commonly known as the Sea Tulip, 
is often found attached to reef substrata nestled in amongst larger macroalgae species. 
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2.1.5 Collection and Preparation of Macroalgac, Sponge & Ascidian Samples 
Macroalgac, sponge and ascidian samp Jes wen: coll cc led from low rel icf an<l 
pavcmcnl reefs at each site between 04.10.99 to 20.10.99. Thcsc samples were taken 
randomly using SCUBA. Organisms were collected and bagged ( un<lcrwatcr), put on 
ice and returned to the laboratory. Samples were then cleaned of any carbonate 
material, such as sand or coralline growth since carbonate isotopic values arc enriched 
in uc and will ske,v o13C values of the plant or animal tissue (Showers & Angle, 
1986: cited Lajtha & Michener, 1994 ). 
Once clean, at least 50-1 OOmgs of tissue from each organism was dried at 6s"C (± 5) 
for 24hrs (or until completely dry), and ground to a fine powder using a mortar and 
pestel to provide a homogenous mix. Tissue from the mid thallus section of 
macroalgae was used for isotope analysis. This was especially important for Eklonia 
radiata, as cells in this part of the blade are older (Stephenson et al., 1984) and more 
likely to be representative of nutrients which have been incorporated over a longer 
period of time than cells which occur near apical meristcm tips. For Clathria sp. the 
outer skin was removed and the internal spicules used for isotope analysis. For Pyura 
australis, the ascidian body, which is attachl;!<l to the stem, was ground and tested for 
o15N and o13C. See below for further preparation of sponge and ascidian tissues. Once 
ground, samples were packed in tin capsules (Europa Scientific Ltd: 6 x 4mm), 
matching nitrogen or carbon content with that of the standard (glutamic acid). 
Sponge and ascidian tissues required further acid treatment prior to combustion to 
digest any carbonates in the tissue. Ground tissue y,;as placed in approximately 2-3mls 
of 1 % HCl in an unsealed test-tube for 1 hour (Showers & Angle, 1986; cited Lajtha 
& Michener, 1994). The samples were then freeze-dried for isotope analysis, using 
liquid nitrogen and packed in tin capsules as above. 
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2.1.6 Collection of Seawater, Groundwater & Sewage Wastewater Effluent 
Seawater, groundwater and sewage samples were all collected by the same method. 
Samples were collected in pre-washed plastic containers (YX, I-ICI) and immediately 
stored on ice in the absence of light and returned to the laboratory. Samples were 
filtered (Whatman GF/C, O.S~trn filter-papers) and stored frozen. Samples were then 
steam distilled to concentrate and collect the dissolved NO.,+N02 and NH4 from 
solution (see section 2.1.7). 
2.1.7 Concentration And Collection Of Dissolved Nitrogen In Seawater, 
Groundwater & Sewage Using Steam Distillation Procedures 
Seawater, groundwater and sewage samples were initially concentrated using steam 
distillation procedures, so that sufficient dissolved nitrogen could be collected for 
isotope analysis on an ANCA mass spectrometer. Sample volumes varied according 
to dissolved nitrogen concentration. In order to collect sufficient nitrogen for replicate 
0.2mg samples for isotope analysis, it was necessary to distill 3.0L of seawater, 1.0L 
of groundwater and 0.5L of sewage. 
The procedure for the preparation of dissolved nitrogen involves the reduction of 
nitrate to ammonium, followed by the evolution of ammonium to ammonia and its 
subsequent collection onto zeolite. The methods used in this study follow those 
outlined by Bremner ( 1965 ), with modi ti cations taken from Velinsky et al., (1989). 
Cline ,md Kaplan (1975) and SanfOid (1993). Prior to analysis, pilot steam 
distillations were performed according to Bremner (1965), to determine the amount of 
distillate to be collected in order to yield 100% efficiency from the distillation unit 
(see Appendix E). 
The apparatus used (Plate 2.7) was very similar to that outlined by Bremner (1965) 
with a modified distillation flask to allow for larger volumes of sample to be distilled. 
High quality deionised water (DIW) was used in the steam generation flask and for 
rinsing the apparatus between distillations. Prior to commencing distillations, 200mls 
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of histocthanol was distil!cd to clean the apparatus and following eai.:h session, the 
glassware \\'G.S cleaned in 5°/ii HCL 
For isotope analysis, all sample:; were distilled in 500ml ( ± 5.-Dmls) aliquots. This 
meant that 6 distillations were performed per sample of seawater, 2 per g1°1undwatcr 
sample and 1 per sewage sample. The c.listillation procedure involved quickly adding 
500mls of sample aliquot to the distillation flask, followed by 5gms of Dcvarda's 
alloy (Cline & Kaplan, 1975), for the reduction of nitrate to ammonia. The flask was 
then quickly fitted to the unit and scaled to prevent ammonium from escaping. The 
loss of ammonium to the atmosphere can lead to fractionation through the unequal 
partition oflight and heavy isotopes (Bremner, 1965 ). An appropriate volume of 40% 
NaOH was then added through a side-arm inlet valve to raise the pH to approx. 9.5 (as 
per Velinsky et al., 1989; Sanford, 1993 ). In an alkaline environment, ammonium is 
converted to ammonia and driven off as a vapor. 
Over approximately 35-40min, 250mls (± 5mls) of distillate was collected per sample 
in a sealed ammonia recovery flask with dilute acid (lOmls, 0.003M HCl), 30mg 
zeolite (W-85 molecular sieve) and a teflon-coated magnetic stir bar. In an acid 
environment, ammonia is trapped in solution as ammonium. The acid-zeo\ite slurry 
allows ion-exchange and evolution of ammonium onto zeolite (Velinsky et al., 1989). 
Following distillations, each distillate was stirred for an additional hour to ensure the 
complete removal of ammonium from solution. 
After stirring, the zeolite slurry was collected onto silica acetate filter papers ( 45 µm) 
by vacuum. The filter pad plus zeolite was then dried for 48hours at 50°C. The zeolite 
with exchanged ammonium was then packed in tin capsules, at an appropriate weight 
to match the reference standards nitrogen content (glutamic acid, - 9.5%), ready for 
isotope analysis. 
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Plate 2.7 Steam Distillation Apparatus used for collecting and concentrating DIN. 
2.1.8 Analysis of 815N and 8nC 
Ground tissue and zeolite samples were analysed for 815N and 813C on a Europa 
Scientific ANCA-GSL (gas/solid/liquid) 20-20 Mass Spectrometer, at Edith Cowan 
University, Mount Lawley. The technique involves the coupling of the ANCA 
preparation system, employing the Dumas combustion principle, with a stable isotope 
mass spectrometer detector. 
Initially sample materials containing carbon and nitrogen were loaded into tin 
capsules and introduced to a furnace at 1000° C in an oxygen atmosphere. The 
ignition of tin results in exothermic flash-combustion, raising the temperature of the 
reaction to approximately 1800° C, thus oxidising the sample. Complete oxidation is 
ensured by passing the combustion products through a bed of chromium trioxide at 
1000°C using a helium gas carrier. The gas stream then passes into a gas 
chromatograph, where the components of interest are separated and bled into a mass 
spectrometer and the nitrogen isotopes are ionised and separated in a magnetic field. 
The isotopic species are detected separately and from their ratios, the level of 15N or 
13C calculated using the mathematical equation given in section 1.3. The laboratory 
reference standard was glutamic acid (Europa Scientific Ltd), calibrated against 
atmospheric nitrogen and PDB belemnite. 
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2.2 LABORATORY EXPERIMENT 
A laboratory experiment was conducted following field studies to address the 
following aim: 
1. Confirm under laboratory conditions, that the same set of organisms 
when grown in low concentrations of sewage, will develop isotopic 
signatures reflecting their nutrient source. 
2.2.1. Experimental Design 
Eklonia radiata, Viva australis, Vidalia sp., Clathria sp. and Pyura australis were 
growr, in a controlled environment in either the presence (treatment) or absence 
(control) of sewage effluent for a duration of seven days in their respective treatments. 
It was assumed that seven days was the approximate amount of time required for 
organisms to develop an isotopic signature reflective of sewage effluent. For each 
species, four control aquaria and four treatment aquaria were established each with an 
individual organism, with all variables being equal other than the source of nutrients 
(Figure 2.3). 
Each aquarium operated as a flow through system, fed by sand filtered seawater 
pumped from the Marmion Marine Park, Fisheries Laboratory. Incoming seawater 
was regulated by two header tanks, adjusted for equal and constant flow rates between 
aquariums (plate 2.8). Approximately 2600rnls (± I0mls) of seawater was fed to each 
aquaria per minute. 
Filtered sewage effluent from the Beenyup sewage treatment plant was also added to 
treatment aquaria. A peristaltic pump (Cole-Parmer Instrument Company, 
Maserflex®, LIS, 230V) delivered sewage at a constant flow rate (5.2ml/min, ± 
0.05mls; plate 2.9) to e~:ch treatment aquaria to yie:J a 1 :500 dilution of sewage in 
seawater. This dilution factor was consistent with concentrations expected to be found 
within a 1.0 km radius of the Ocean Reef sewage outlet (Lord & Hillman, 1995). 
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Artificial light (HPM CAT Series 605, 500 Watts) was used to compensate for the 
reduced natural light entering the laboratory. Light received at the surface of each 
aquaria was adjusted to 45-50µmol/m-2/s- 1, which is typical of exposure levels 
required for macroalgal growth (Kendrick, Personal Comment). Aquarium air pumps 
(King' s, AT-1800) and water pumps (MINI-JET® Aquari~ systems, 240V-50Hz), 
both on a low setting, were also fitted to all aquaria to ensure oxygenation and mixing 
of water. 
2.2.2 Collection of Macroalgae and Filter-Feeding Organisms 
Organisms used in the laboratory experiment were collected randomly from a local 
reef, approximately 50 to 100m off-shore (381 050rnE, 477 720mN). It was essential 
that all of the organisms were collected from the same site and hence had a similar 
nutrient history. This was to ensure that factors which could affect their stable isotopic 
signature prior to the experiment, acted upon all organisms. To prevent stress, all 
organisms were collected and bagged underwater with as little disturbance as 
possible. Organisms were then transported to the laboratory in a cooler with ice. Once 
in the laboratory, they were immediately placed in aquariums. 
a) 
b) 
Control Treatment 
[e]-§]~~ 
C) [§~~ 
Sewage 
Seawater - -
__.._. Seawater 
Figure 2.3 Laboratory experimental design (a), with the blue squares representing control 
aquaria, brown representing treatment aquaria and the green ovals representing an organism. 
Also depicted (b) is a representation of the seawater flow through system. 
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Plate 2.8 Overhead photograph of the laboratory aquarium apparatus. Note above the aquaria, 
two white header tanks. These fed the aquaria with seawater pumped from the Marmion 
Marine Park. 
Plate 2.9 Laboratory experiment from a side angle. To the right of the aquaria, 
sewage is stored in three plastic kegs, fed through a peristaltic pump to the treatment 
tanks. 
31 
CIIAPTER 2.0: METHODS & MATERIAI,S 
2.3 STATISTICAL ANALYSIS 
2.3. t Field Experiment 
For the field cxpcri,·1c! ,, data was initially summarizt:d into mean delta values for 
each species, at each site. The data was then tested for normality. Homogeneity or 
variance was also tested using Cochran's C-Tcst. Where Cochran's Test revealed 
variances to be heterogeneous, the data were transfonned. Subsequent Cochran's 
homogeneity of variance tests on transformed data still showed variances between 
sites were heterogeneous for Py11ra austra/is o15N values. As ANOVA is considered 
to be robust to heterogeneity of variance when equal sample sizes arc involved (Zar, 
1984; Chapman, Underwood & Skilleter, 1995 ), it was considered appropriate to 
continue with parametric analysis of data. However to reduce the likelihood of a Type 
I Error, the significance level was reduced from 0.05 to 0.01. 
A one-factor analysis of variance (ANOVA) was used to test differences in mean 
o15N and o13C values between sites for each macroalgae and filter feeding species, 
where the mean delta value for each species at each site was the dependent variable. 
Tukey's Post Hoc test was then applied to detennine which sites were significantly 
different to one-another (Figure 2.3). Data was tested using SPSSrn (version 8.0) 
software. 
Finely, a mixing model was adapted to calculate the relative proportion of sewage that 
was assimilated by each organism based on the isotopic signatures of the sources and 
the organisms (se:'! section 2.3.3). 
2.3.2 Laboratory Experiment 
Statistical analysis was as per section 2.3 .1 except a T-test was used to compare 
means of o15N and o13C values between control and treatment tanks for each 
macroalgae and filter feeding species, instead of ANOV A. Again data was tested 
using SPSS™ (version 8.0) software. 
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Summarise Data 
Cochran's Test for Homogeneity of 
Variance 
Pass Fail 
Transform Data 
ANOVA 
Figure 2.3. Flow diagram summarizing the analysis process for the field experiment. 
Arrows indicate progression to the next stage of analysis. 
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The distillation method did not provide a 815N signal for marine water hence the value 
was estimated from the literature. Several studies have reported a range of 815N values 
between 4%0 and ?°loo for oceanic DIN (Table 4.1). It is most likely that the 815N 
values of seawater in Perth coastal waters fall somewhere in this range. Mean 8 15N 
values ranged from 6.1 °loo to 8.50/oo for macroalgae collected from the Alkimos 
reference site. Assuming minimal fractionation occurs with the assimilation of 
oceanic DIN, the 815N value of oceanic nitrogen is likely to be 6 °loo to 70/o0, and thus 
6.70/oo was selected as the 815N value for oceanic DIN. Also, both values for sewage 
eflluent (l3 .50/o0 and 25.3%0) were used to estimate the range of responses of 
macroalgae to sewage eflluent that could be expected with the high seasonal 
variability in 8 15N of sewage. 
More 
Positive Relative 
Contribution 
Less 
Positive 
Figure 2.6 A hypothetical single isotope ( 15N), two source mixing model in which the 
relative distance each source (S 1 and S2) is away from the organism (0) is inversely 
related to the amount of nutrients from the source that the organism has assimilated. 
The shorter the distance, the greater proportion of nutrients the organism has 
assimilated from that source. 
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provide a clearer resolution of each of the sources, than a single isotopic signature 
can. thus ensuring a more robust figure of comparison for each of the sources. 
Ben-David ct al. (1997) used a duel-isotope, multiple source mixing model (Equation 
2. I. Figure 2.5) to estimate the relative contribution of each prey item ( A,B,C) to the 
diet of a pn:dator (P), using the mean o13C and <i 1~N of each type of prey. Initially 
each mean prey value is adj ustcd for fractionation (A', B', C') an<l then Euclidean 
distance between the corrected isotopic values of the three prey items, and the 
predator, arc calculated. The contribution of each prey item is then inversely related to 
the distance between the corrected signature of the prey and the predator (ic. the 
shorter the distance the greater the contribution). Because of this inverse relationship, 
the relative contribution of each prey is calculated by: 
%X in diet= X 100 (2.1) 
Where X' is A', B' or C' and px··1 represents the distance each prey source is away 
from the predator. 
813C values could not be obtained for some samples (see section 3.2) and so an 
adaption of Ben-David el al. 's, (1997) model was used which only relied on 815N and 
hence a linear relationship(Equation 2.2). Equation 2.2 represents a modification of 
equation. 2.1 where instead of Euclidean distance being calculated on a two 
dimensional axis (x, y, z), figures are presented on a one dimensional axis tx, y, Figure 
2.6). As such, the contribution of each nutrient source is still inversely related to the 
relative distance of how far each nutrient source is away from the 8 15N value of the 
macroalgae. This model has been used in past research to identify portions of two 
water sources used by a terrestrial plant species (Dawson, 1993). 
% sewage = I~ ( ,S1 - 0) x I 00 
( S1 - S2) 
(2.2) 
where S1 is the o15N value of seawater, S2 is the 815N value of sewage and O is the 
615N of the macroalgae. 
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The distillation method did not prov idc a o 15N signal for marine water hence the va 1 uc 
was estimated from the literature. Several studies have reported a range of' o15 N values 
between 4°1,m and 7'1/110 for oceanic DIN (Table 4.1). It is most likely that the o15 N 
values of seawater in Perth coastal waters fol I somewhere in this range. M can o 15N 
values ranged from 6.1 11/1)/1 to 8.5"/01/ for macroalgac collected from the Alkimos 
reference site. Assuming minimal fractionation occurs with the assimilation oJ' 
oceanic DIN, the o 15N value of oceanic nitrogen is likely to be 6 /JI,,,, to 7'1/,,,1, and thus 
6.7°//JI! was selected as the 815N value for cccanic DIN. Also, both valuu for sewage 
effluent (13.5°1,m and 25 J"///11 ) were used to estimate the range of responses of 
macroalgae to sewage effluent that could be expected with the high seasonal 
variability in o 15N of sewage. 
More 
Positive Relative 
Contribution 
Less 
Positive 
G 
Figure 2.6 A hypothetical single isotope (1 5N), two source mixing model in which the 
relative distance each source (S1 and S2) is away from the organism (0) is inversely 
related to the amount of nutrients from the source that the organism has assimilated. 
The shorter the distance, the greater proportion of nutrients the organism has 
assimilated from that source. 
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CHAPTER 3: RESULTS 
3.1 NITROGEN ISOTOPIC VALUES OF SOURCES 
o 1 ~N values for disso lvcd inorganic n i trogcn ( N03- + N 1-1 4) were not obtained for 
groundwater or oceanic seawater. Nitrate concentrations in seawater collected from 
the field experiment ranged from 3.4µg/l at the Alkimos reference site to I l.8µg/l at 
site 8, north of the outlet (sec Appendix D). These concentrations were too low to 
permit quantitative analysis of 15N in seawater. Groundwater nitrogen concentrations 
(N03- + NH,) ranged from 0.47mg/l to 3.77mg/l, which meant samples had enough 
nitrogen to introduce to the mass spectrometer (MS) for quantitative analysis. 
However samples were discarded as laboratory staff operating the MS, were unaware 
that chemicals required for complete oxidation of the sample had expired before the 
groundwater samples were introduced to the MS. Thus results were deemed to be 
invalid. Due to time restraints placed on the project, no more groundwater was 
collected. 
For sewage effiuent collected from the Beenyup WWTP, the mean o15N values of the 
DIN (N03- + NH4) ranged from 25.3°/00 ± 1.4°/00 in November to 13.5'1/,11, ± 0.6/jlr;.~ in 
March (Table 3.1). POM collected from the Beenyup WWTP had a mean 815N value 
of 9. l 6%0 ± 2.1 °lo/), 
The mean 815N value for particulate organic matter collected from background 
oceanic water at the Alkimos reference site was 7 .1 °loo ± 0.030/ou, very similar to the 
value for POM collected directly above the outlet 7.23%0 ± 0.1 (Table 3.1). 
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" 
·-~-~---~ •-•-~·~-~--T-• - -------~.,.--
Source Mean o1~N Standard Erro 
-~ ~~----~··-·~·· .T-- ------~-• .-~T-----
Sewage DIN (NOJ- + Nll4l 
--- ~-,r- --· -------~----~ -·~-~- -··--~ 
November 1999 25.33 /00 1.45 
·- n- --- --·~ ..... -----~---March 2000 13.47 .1,m 0.63 
··--------·-- - ··~·····---~-------~·~---
Sewage POM 
----- ---
T•~---
----··~-~~··~----· 
------ o--
Bcenvup WWTP 
---· 9.17 loo 2.17 
·---~---- -- - --
Oceanic POl\·I 
----- -- -
Above Outkt 7.23'°1!,m 0.12 
Alkimos 7.(nnloo 0.03 
-
___ J 
Table 3.1 tvkan 615N values for DIN and POM collected from above the Ocean Rccf 
wastewater outlet. Alkimos reference site and Bcenyup WWTP. For all mean values n = 3. 
3.2 FIELD EXPERIMENT 
3.2.1 Macroalgae 
For the three species examined, mean 315N values ranged from +6. l 2'1!r111 to + 12.80''/r,,,, 
while mean o13C values ranged from -19.25°100 to -14.69%0 It was most common for 
samples taken north of the diffuser, to have delta values consistently higher than 
samples taken from either WP.st or south of the outlet. Along the western transect, 
most of the species sampled had o15N and o13C values that decreased with distance 
from the outlet. In contrast, delta values north and south of the diffuser \Vere generally 
lower at the site closest to the outlet with an increase generally occurring at 1000m 
from the outlet. There were no obvious trends in isotopic values along the southern 
transect, with values intermediate betwc1~n those of the northern and western 
transects. 
These trends were most pronounced in U. australis, the species with the fastest 
nutrient uptake capacity. Both Vidalia sp. and Ek/onia radiata with moderate and 
slow nutrient uptake capabilities respectively, still exhibited these patterns, but to a 
lesser degree. The trends for each species are described in the following sections. 
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3.2. t. t Uh•a australi.,· 
For Ulm austra/is, which typically has high nutrient uptake rates, mean o1~N values 
around the outlet ranged from +8 .81 "/,ff, at si le 12, to + 12. 79''/"', at si tc 7 ( Figures 3 .3 & 
3.4). ANOV A indicated that there was significant variation in 15N between sites 
(Figure 3 .2; Table 3 .2). All organisms around the outlet had significant I y higher o 15 N 
values than those collected from the reference site (mean +6.12 "Ir,,,). i5 15N values along 
the northern transect increased with increasing distance from the outlet until 1000m, 
then plateaued at approximately+ 12.50"/r,,, to the end of the transect (figure 3.1 ). Sites 
6, 7 and 8 from the northern transect and site 3 from the southern transect were 
significantly higher than all other sites. In contrast, west of the outlet starteJ 
comparatively high (1000m: + 10.30°/o,J) and decreased with distance from the outlet. 
Sites 11 and 12 on the western transect were significantly lower than the other sites. 
The southern transect had no discernable trend, and values for all sites along this 
transect were mid-range (approx. l O to 12%0). Thus, as clearly shown in Figure 3.1, 
U. australis o15N values were lowest along the western transect, and decreased with 
distance from the outlet, the southern transect had moderate 815N values, and U. 
australis sampled north of the outlet had the highest 815N values. 
Delta 13C values for Viva australis were also measured at all of the- sites around the 
sewage outlet, although the trends for ouC arc not as pronounced as those for 815 N. 
Mean o13C values ranged from -17.211%0 at site 2, to -14.699%n at with limited 
exposure. For all transects, Viva which grew closest to the outlet had relatively high 
o13C values, and Viva sampled at greatest distance from the outlet, had the lowest 
o13C values (Figure 3.3). For the northern and southern transects there was no unifom1 
trend in 613C. Along the western transect S13C values decreased with distance from 
the outlet, as was the case for 615N. The Alkimos control site (-19.252%0) was 
significantly lower than the majority of sites around the outlet ( 11, 10,5,4,6,3, 7; Figure 
3.4). 
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Figure 3.1 Mean 815N values for Ulva australis at sites positioned along transects north, 
south and west of the Beenyup WWTP outlet. In all cases n=3 and bars represent ± standard 
error. 
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Figure 3.2 Mean 815N values for Ulva aush·alis at sites 1 to 12 (S l - S l 2), Ocean Reef, and 
Alkimos reference site (S 13). In all cases n=3 . Vertical bars show standard error. Shared 
horizontal bars indicate sites were not significantly different according to Tukey's post-hoc 
test (sig. level = 0.05). 
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Figure 3.3 Mean o13C values for Ulva australis at sites positioned along transects north, south 
and west of the Beenyup WWTP outlet. In all cases n=3. Vertical bars represent± standard 
error. 
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Figure 3.4 Mean o13C values for Ulva australis at sites 1 to 12 (Sl to Sl3), Ocean Reef and 
Alkimos reference site (Sl3). Data are means of n=3. Vertical bars show ± standard error. 
Shared horizontal bars indicate sites were not significantly different according to Tukey's 
post-hoc test (sig. level= 0.05). 
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3.2.1.2 Vidalia sp. 
Mean 815N values for Vidalia sp. (which had a medium nutrient uptake capacity) at 
sites around the outlet ranged from +6.28%0 at site 12 to +10.22%0 at site 8. The mean 
815N values of plants at the Alkimos reference site (+6.46%0) was lower than at sites 
around the outlet (except site 12), though only significantly so for sites 2,4,8 and 9 
(Figure 3.6). Like Ulva australis, mean 815N values decreased with distance from the 
outlet along the western transect and increased with distance from the outlet along the 
northern transect. However as no plants were found at site 6, the continuum for this 
trend along the northern transect must be assumed (Figure 3.5). There is no distinctive 
pattern for the southern transect. Significance testing between sites indicate that the 
end member sites along the northern transect ( at 1500m and 2000m) and sites 2 and 4 
along the southern transect were significantly higher than sites close to, and west of 
the outlet (Figure 3.5). o13C values were discarded for Vidalia sp. as the variability in 
results was too great and values were consistently too low to be considered valid ( e.g. 
-91%0 for site 4 repl). 
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Figure 3.5 M ean 615N values for Vidalia sp. at sites positioned along transects north, south and west 
of the Beenyup WWTP outlet. In all cases n=3 and bars represent± standard error. 
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Figure 3.6 Mean o15N values for Vidalia sp. at sites 1 to 5 and 7 to 12 (Sl - Sl2), Ocean 
Reef, and Alkimos reference site (S13). In all cases n=3. Vertical bars show standard error. 
Shared horizontal bars indicate sites were not significantly different according to Tukey's 
post-hoc test (sig. level= 0.05). 
3.2.1.3 Eklonia radiata (Kelp) 
Ecklonia radiata, which has a low nutrient uptake capacity, exhibited very little 
spatial variability in o15N values compared to the other two species of macroalgae. 
Mean cS 15N values around the outlet ranged from +9.253%0 (site 10) to +12.239%0 
(site 9). cS 15N values from the Alkimos control site were lower (mean +8.583%0) than 
at any of the sites around the outlet, but this difference was only statistically 
significantly for sites 7 and 9. Along all three transects, the sites closest to the outlet 
at 500m, had the lowest cS 15N values (with the exception of site 9), which increased 
with distance from the outlet until 1500m, before decreasing again at 2000m from the 
outlet (Figure 3.7). There were few significant differences between sites, even though 
the mean values for western sites appeared to be lower than those to the north or south 
(Figure 3.8). Tukey's test revealed significant differences between sites 10, and 9 and 
7. These sites were located west, south-east and north of the diffuser respectively. As 
per Vidalia sp., there were no o13C values collected for E.radiata. 
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Figure 3.7 M ean o15N values for Eklonia radiata at sites positioned along transects north, south and 
west of the Beenyup WWTP outlet. In an cases n=3 and bars represent± standard error. 
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Figure 3.8 Mean 815N values for Ek/onia radiata at sites I to 12 (SI - Sl2), Ocean Reef, and 
Alkimos reference site (Sl3). In a!J cases n=3. Vertical bars show standard error. Shared horizontal 
bars indicate sites were not significantly different according to Tukey's post-hoc test (sig. level = 0.05). 
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I 
I ~r---" ------- ------ -------- ·--- - ·- ..... ~-- ---~' Sum of Mean 
c5 1!'iN Squares Square F Sig. 
U.australis 
-----·-llc1wccr1 l imups 124.179 12 I 0.348 74.65() .(JOO 
--- ------···-----· 
--·---~ ~----·-··-·----
Wi1hin l,roups 3.604 26 .139 
-~ ... _____.~----
--~-~--·~· 
Totul 127.783 38 
Vidalia sp. 
lktwccn Groups 61.537 11 5.594 16.286 .{JOO 
Within Groups 7.901 23 .344 
Towl 69.437 34 
-
E.radiata 
lktwccn Groups 48.975 12 4.081 4.084 .001 
Within Grol!ps 24.986 25 .999 
Total 73.961 37 
Sum of Mean 
s'3c Squares df Square F Sig. 
U.australis 
Between Groups 53.434 12 4.453 5.622 .000 
Within Groups 20.592 26 .792 
Total 74.062 38 
Table 3.2 Results from ANOVA for significance testing c5 15N and 8 13N between sites 
for each macroalgal species from sites sampled around the Ocean Reef outlet and 
Alkimos reference site (sig. level = 0.05). In all cases n = 3. For every species 
ANOVA detected a significant difference between sites. 
3.2.2 Filter Feeders 
Mean o 15N values for filter feeders ranged from 6. 5 12 %0 to I 2. 791 '!/ 00 • This ace uracy 
range is questionable as the lower value (6.512%10) for ascidian tissue had a high 
standard error (±3.7). A lower limit of 10.62°/00 for sponge tissue is more likely. Given 
that 10.62%0 is the lower limit for 8 15N values, this range is narrower than macroalgal 
values (2.2%o vs 6.5%a), Overall, trends in the data were weak compared to 
macroalgal species, but mean 8 15N values of Clathria sp. did decrease with distance 
west of the outlet. 
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3.2.2.1 C/at/Jria sp.(Spo11ge) 
Mean o 1 :;N values ranged from + I 0.625"/,1,, at si le 12, to + 12.622(,'/,,,, al site I 0. This 
range of values is narrow compared to all other test species. Along the western 
transect, mean o1~N values decreased with distance from the outlet. Values along the 
southern transect, increased initially, then decreased at I OOOm distance from the outlet 
(Figure 3.9). 
Significance testing between sites (Table 3.3) revealed few significant differences, 
and those that were significant revealed no clear spatial pattern (Figure 1.10). The 
mean 615N value for the Alkimos reference site (+10.66%0) was significantly lower 
than sites 11, 3, 1 and 10 (Figure 3.10). The trend of declining o15N values along the 
western transect conforms with trends shown in macroalgal species. Overall however, 
the spatial patterns expressed in C/athria sp. 615N values are weaker than those 
expressed in Ulva austra/is and Vidalia sp. 
There were no discemable trends in 313C data. Mean 8 13C values for Clathria sp. 
ranged from -18.632%0 at site 3, to -14.3530/oo at site 2. For both the southern and 
western transects, delta values initially increased, and then decreased with distance 
from the outlet (Figure 3.11). Significance testing revealed a significant difference 
between sites (site 2 had the highest value) however Post Hoc testing failed to indicate 
which sites were significantly different from one-another {Table 3.3; Figure 3.12). 
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Figure 3.9 Mean o15N values for Clathria sp. at sites positioned along transects south and 
west of the Beenyup WWTP outlet. In all cases n=3 and bars represent± standard error. 
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Figure 3.10 Mean o15N values for Clathria sp. at Ocean Reef (Sl - S12), and the Alkirnos 
reference site (S13). In all cases n=3. Vertical bars show standard error. Shared horizontal 
bars indicate sites were not significantly different according to Tukey's post-hoc test (sig. 
level= 0.05). 
47 
Key 
D South 
D West 
rz! Referem 
No Sig. Dif. 
Between SHes 
CHAPTER3.0: RESULTS 
Distance from Outlet(+ 50m) 
500m 1000m 1600m 2000m 18500m 
-12 
-13 
-14 
-15 
-16 
-17 
.--+--·· Key 
-18 
-..- south 
... 
-19 • • · West r 
• 
Reference 
-20 Site 
Figure 3.11 Mean 6 13C values for Clathria sp. at sites positioned along transects south and 
west of the Beenyup WWTP outlet. In all cases n=3 and bars represent± standard error. 
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Figure 3.12 Mean 613C values for Clathria sp. at Ocean Reef (Sl - S12), and the AJkimos 
reference site (S13). In all cases n=3. Vertical bars show standard error. Shared horizontal 
bars indicate sites were not significantly different according to Tukey's post-hoc test (sig. 
level = 0.05). 
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3.2.2.2 Pyura australis (Ascidian) 
Mean 815N values ranged from +6.51%0 at site 1, to +12.79 %0.at site 8. However, this 
range of values was accentuated by two replicate samples at 2000m along the 
southern transect, that were much lower ( + 3 .17%0, + 2.46%0) than all other samples 
(Figure 3.13). Omitting this out-lier, the range of values was 1.5%0. hovering around 
+12%0. ANOVA revealed no significant differences between sites, including the 
Alkimos reference site (Table 3.3). 
Similarly, there was a very narrow range of 813C values for P. australis, from 
-20.668%0 at site 8, to -18.390%0 at site 5 (Figure 3.16). The strongest spatial trend 
was seen along the northern transect, where delta values decreased with distance from 
the outlet (Figure 3.14). No other trends were apparent, and there were no significant 
differences in 813C between sites (Table 3.3). 
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Figure 3.13 Mean 815N values for Pyura australis at sites positioned along transects north, 
south and west of the Beenyup WWTP outlet. In all cases except S4, n=3 and bars represent ± 
standard error. 
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Figure 3.14 Mean o15N values for Pyura austra/is. Sites 1 to 11 at Ocean Reef (Sl - S11), 
and the Alkimos reference site (S13). In all cases except S4, n=3. Vertical bars show standard 
error. Shared horizontal bars indicate sites were not significantly different according to 
Tukey's post-hoc test (sig. level = 0.05). 
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Figure 3.15 Mean o13C values for Pyura australis. at sites positioned along transects north, 
south and west of the Beenyup WWTP outlet. In all cases except S4, n=3 and bars represent ± 
standard error. 
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Figure 3.16 Mean o 13C values for Pyura australis. sites 1 to 11 at Ocean Reef (S 1 - S 11 ), 
and the Alkimos reference site (S13). In all cases except S4, n=3 . Vertical bars show standard 
error. Shared horizontal bars indicate sites were not significantly different according to 
Tukey's post-hoc test (sig. level = 0.05). 
OISN Sum Of df Mean F Sig. 
Squares Square 
C/athria sp. 
Between Groups 11.909 7 1.701 15.015 .000 
Within Groups 1.813 16 .113 
Total 13.722 23 
P.australis 
Between Groups 19.438 9 2.160 .575 .802* 
-
Within Groups 75.156 20 3.758 
Total 94.594 29 
o13C ss df MS F Sig. 
Clathria sp. 
Between Groups 58.656 7 8.379 3.621 .016 
Within Groups 37.023 16 2.314 
Total 95.679 23 
P.australis 
Between Groups 682.869 9 75.874 1.826 .132* 
Within Groups 748.045 18 41.558 
Total 1430.914 27 
Table 3.3 Results from ANOVA for significance testing o15N and o13N between sites for both 
filter feeding species from sites sampled around the Ocean Reef outlet and Alkimos reference 
site (sig. level= 0.05). n = 3. -~ indicates differences between sites are not significant. 
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3.3 LABORATORY EXPERIMENT 
Ull'a austra!is and Vicloliu sp. in trcatmcnl tanks, hud h ighcr () 1.~N valm:s than 
organisms that wen.::: grown in control tanks ( Figure 3.17; Tahlc 3.4 ). U/w, w1s/m/is, 
which has a very high nutrient uptake: capacity, displayed the.: grcatcsl range of values 
between treatment and control tanks ( 12''/,,,,). Vidalia ,\JJ. samples also had 
signi ticantly higher 815N values where organ isms were exposed to sewage, however 
the range of values { 1.4''/,m) was narrower than U. australis. Eck/onia radiata, which 
has a very slow nutrient uptake capacity, appeared to have higher mean o15N values in 
treatment aquaria { 10.238°/r,,1) compared to samples grown in control aquaria 
(9. 794°loo), however this difference was not significant. 
Both the filter feeders C/athria sp. and P. australis, had significantly higher 815N 
values for species which were exp,sed to sewage effluent, compared to species which 
were grown in the absence of sewage (Figure 3.17; Table 3.4 ). P.australis had a 
higher range of values (3.8°!,;0) than Clathria sp. (1.5°/(J/)) between treatment and 
control aquaria. 
As per results for 815N, there was a large difference in the range of o13C values for 
U.australis between treatment and control tanks ( 10.1 r'lr,o), with organisms exposed to 
sewage having significantly higher values. In contrast, there was no significant 
difference in S13C values for either of the filter feeders, Clathria sp. and P.australis 
between organisms grown in control tanks and organisms grown in treatment tanks 
(Figure 3.18; Table 3.4). 
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~-·-·-~------- --·· .. ---·---- --· 
Delta 15N Mean Mean Sig. 
Species Control Treatment T df p Dif. 
Uln1 australis - l. 787 9.334 -15.38 6 0.00 YES 
Vitlaliu sp. 7.877 9.282 -2.87 (i 0.03 YES 
Eklonia rwliata 9.794 10.238 -0.81 6 0.45 NO 
Clathria sp. I 0.652 13.067 -3.15 4 (J.()3 YES 
Pyura m1stra/is (i.596 l 0.440 -3.03 4 (J.()4 YES 
Delta 13C Mean Mean Sig. 
Species Control Treatment T df p Dif. 
Ulva australis -24.485 -14.334 -59.83 4 0.00 YES 
Clathria sp. -13.459 -13.828 0.56 4 0.12 NO 
Pyura australis -18.874 -18.762 -2.44 4 0.34 NO 
Table 3.4 Summary table for ex situ Laboratory Experiment, comparing mean &15N and 8 13C 
values of control tanks to treatment tanks using a T-test on SPSST~t (version 8.0) software. A 
significant difference occurred when P<0.05. 
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Figure 3.17 Mean o15N values for species in control tanks versus treatment tanks for the laboratory 
experiment. * Represents no significant difference between treatment and control tanks. 
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Figure 3.18 Mean 813C values for in control tanks versus treatment tanks for the 
laboratory experiment. * Represents no significant difference between treatment and 
control tanks. 
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3.4 AMOUNT OF SE\VAGE DIN ASSIMILATED BY MACROALGAE 
The approximate amount of DIN assimilated from scwage effluent, as calculatcd 
using the mixing model (section 2.3.3), varied according to which mean i) 15N value 
was used for sewage cfllucnt ( 13.5 u;,,,, or 25.3"/,J/i), reflecting the scnsiti vity or th est.: 
models to the o 15N value or the sources. Since Se\Vagc DIN showed significant 
temporal variability, the model was run with both values. In both cases, organisms 
sampled around the effluent out let still deri vcd a signi Ii cant proportion of their DJ N 
from sewage effluent, even as far as 2000 meters away from the diffuser (Figures 
3.19b, 3.20b and 3.21b). 
Organisms sampled north of the diffuser tended to more consistently assimilate higher 
proportions of DIN from sewage effluent than organisms sampled west or south of the 
outlet. This was most evident for the high nutrient uptake species U. australis. Using 
a sewage DIN o15N value of 13.5%,,,, this species is estimated to assimilate up to 95% 
of its nitrogen from sewage effluent north of the outlet (Figure 3.19a). However, even 
if a o 15N value of 25.3%0 is used, Ulva is still estimated to have assimilated up to 40% 
of its DIN from sewage effluent north of the diffuser. As per Viva. E. radiata and 
Vidalia sp. collected north of the outlet were estimated to have assimilated a 
comparatively large proportion of sewage DIN (Figures 3.20 and 3.21 ), however there 
was more variability between sites, and the north-south difference was not as strong. 
Organisms sampled west of the outlet and from the reference site generally 
assimilated a much lower proportion of their DIN from sewage effluent. As per trends 
discussed in section 3.2, the amount of effluent assimilated decreased with distance 
west of the diffuser amorag all species. U. australis assimilated the least proportion of 
its sewage effluent west of the outlet. Again using a B 15N va I ue of 2 5 .3 °Ion for sew age 
effluent, it is estimated that the amount assimilated by U. australis decreased from 
20% at S10 to 13% at S12 (Figure 3.19b). All samples of E. radiata collected west of 
the outlet assimilated approximately between 5% and 15% sewage effluent, while 
Vidalia sp. sampled at S 12 appears to not have assimilated any sewage DIN (Figure 
3.20). 
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Figure 3.19. Approximate percentage of nitrogen assimilated by Ulva australis at 
sites 1 to 12, Ocean Reef (SI - S12), and the Alkimos reference site (S13), using 
mean 815N of macroalgae at each site. Figure a represents the amount of sewage N 
assimilated if sewage had a 815N value of 25.3°/oo and figure b represents the amount 
of sewage N assimilated if sewage had a 815N value of 13. 5° I oo. 
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Figure 3.20. Approximate percentage of nitrogen assimilated by Vidalia sp. at sites 1 
to 12, Ocean Reef (Sl - S12), and the Alkimos reference site (S13), using mean 815N 
of macroalgae at each site. Figure a represe~~ the amount of Sewage N assimilated if 
sewage had a 815N value of 25.3°/oo and figure b represents the amount of Sewage N 
assimilated if sewage had a 815N value of 13.5°/oo. 
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tore 3.21. Approximate percentage of nitrogen assimilated by Eklonia radiata at 
!S 1 to 12, Ocean Reef (Sl - S12), and the Alkimos reference site (S13), using 
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:imilated if sewage had a o1.5N value of is.3°lo0 and figure b represents the amount 
sewage N assimilated if sewage had a o15N value of 13.5°/oo. 
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CHAPTER 4.0: DISCUSSION 
It is apparent from the results of this study that the isotopic signatures of marine biota, 
especially macroalgac, can reveal two things about sewage wastcw.atcr in well-mixed 
environments. Firstly, it can reveal the distribution of wastewater effluent, and secondly, 
it can reveal the relative contribution of different nitrogen sources to those plants. The 
following sections will explore both of these findings. The results also suggest tha! 
macroalgae with different nutrient uptake capacities, can potentially be used to represent 
the distribution of sewage effluent over short and medium terms. 
4.1 PATTERNS IN THE DISTRIBUTION OF EFFLUENT 
4.1.1 Spatial Patterns in the Distribution of Sewage DIN 
The 615N values of marine and freshwater macrophytes, have in the past been used to link 
sewage and wastewater inputs into estuarine and marine environments from land based 
sources (McClelland & Valiela, 1997; Uddy & Dennison, 1998; Fry et al., 2000). This 
study proves that macroalgae can be used to establish this link in marine waters, even 
when nitrogen concentrations are extremely limited. Viva australis and Vidalia sp., when 
grown in the presence of sewage derived DIN, assimilated that nitrogen source and 
developed an isotopic signature reflective of sewage effluent. As confirmed by the 
laboratory experiment, these species when exposed to sewage effluent over a short 
duration of time (7 days), had higher mean 815N values than organisms that were gro\vn 
in the absence of sewage. This trend conforms with trends found in U. australis and 
Vidalia sp. sampled around the sewage outlet. Samples were collected from the Alkimos 
reference site to provide a comparative baseline against 815N values for macroalgae 
sampled around the Ocean Reef sewage outlet. The mean 815N value for U. australis 
collected from the reference site was significantly lower than all sites sampled around the 
outlet. Vidalia sp. sampled from the Alkimos reference site most often had lower o15N 
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values than the o15N values for macroalgac collected north an<l south or the sewage 
outlet, which could be expected to be exposed to the greatest volume of sewage effluent 
(Lord & Hillman, 1995; Kinhill, 1999). 
The response or£. radiata to sewage effluent in the laboratory experiment was not as 
strong as U. austra!is or Vidalia sp., nevertheless significantly higher o15N values at sites 
7 and 9, north and south-cast of the outlet, suggest that this species is still responding to 
sewage effluent. This could be expected as our current knowledge suggests that these 
sites are most often exposed to sewage effluent (Lord & Hillman, 1995; Kinhill, 1999 ). 
West of the outlet it appears that E. radiata had higher 815N values (-9.9''/r,ri) than samples 
collected from the reference site (-8.6()/wi), although the difference is not significant. This 
may be due to the small size of the sample (n=3) which is likely to affect variability. If n 
was greater, variability in 315N would be reduced, and small differences between areas 
sampled around the outlet compared to the Alkimos reference site may be significant. 
Thus the 315N values of E. radiata potentially offers a mechanism for tracing sewage 
effluent, although it was not able to be confinned by this study. 
It was most common for U. australis and Vidalia sp. samples taken north of the Ocean 
Reef outlet, to have .S 15N values that were consistently higher than samples taken west or 
south of the outlet. Pattiaratchi and Knuck (1995) showed a predominantly northerly drift 
in ocean currents around the Ocean Reef outlet during October and November, which 
was when macroalgae were sampled in this study. The generally higher .S 15N values of 
macroalgae sampled in that direction therefore indicate that at the time of sampling, the 
effluent plume had a generally northerly drift, conforming with models presented by 
Pattiaratchi & Knock (1995: Figure 4.1) and Kinhill (1999: Figure 4.2). West of the 
outlet, however, there was a clear decline in 315N with distance from the outlet for both 
U australis and Vidalia sp., which also conforms with the model presented by 
Pattiaratchi and Knock (1995), indicates that at the time of sampling, there was little 
westerly drift in the plume. 
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The high 815 N values that were recorded for U. austru/is north of the outlet, also imply 
that the effluent plume has a wider northerly distribution than suggested by Lord anJ 
Hillman ( 1995; Figure 4, 1 ). According to the model presented in this study, during spring 
and summer when oceanic waters arc most well mixed, detectable sewage nitrogen abates 
approximately between I 000 to 2000m from the outlet. However U. austral is, which can 
respond very rapidly to alternative nutrient sources (Lynbc & Mortensen, 1994), had o15N 
values even as far as 2000111 no1th of the outlet (12.6°/rm) that were significantly higher 
than U. austmlis collected from the reference site (o.115°/rm). If the plume dissipated at 
1000m north of the.outlet, it could be expected tha: 8 15N values for U. australis at sites 7 
(1500111) and 8 (2000m). would be comparable with 815N values for U. australis sampled 
at the Alkimos reference site. As thi,:) is not the case, it is likely that the effluent plume 
drifts further north these previous studies have suggested. 
Apart from depicting the generalized distribution of the plume, 815N values for 
macroalgae can also be used to represent a more localized pattern in the dispersal of 
sewage effluent. With the exception of Vidalia sp. at site 4, mean 815N values for all three 
species of macroalgae at 500m from the outlet, both north and south of the diffuser, had 
mean 815N values that were at least 1.5°/00 lower than sites 1000m away from the diffuser. 
This is most likely to be a reflection of the buoyant nature of the effluent plume. That is, 
as sewage effluent is essentially fresh water, it initially rises to the surface of the ocean as 
it is less dense than seawater (Lord & Hillman, 1995). Following this buoyant stage, the 
effluent plume is carried by currents along the surface of the ocean before mixing 
processes such as wind and wave action dilute the plume, effectively leading to the 
entrainment of sewage effluent into the lower water column (Lord & Hillman, 1995). It is 
likely that the plume remains buoyant for the first 500m north and south of the diffuser 
given the lower 815N values of macroalgae at sites 4 and 5, which are le~£ likely to have 
come into contact with the sewage. Similar trends in 815N values for macroalgae have 
been found around a wastewater outlet in Sladanha Bay, South Africa (Smit, 
unpublished). 
4.1.2 Spatial Patterns in the Distribution of Sewage POM 
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Mean &15N values were collected for hath oceanic and sewage particuJatc organic matter. 
A comparison of values between POM collected from the Alkimos reference site (mean 
7. I"/,,,, 2:. 0.03) and POM co 11 ccted from filtered sewage ( mean 9. 16''/o,, _:!_ 2. 16) suggests 
that there is only minimal difference between these two nutrient sources. Values for POM 
published in the literature, approximate values for both of these sources (ocean mean 
range +4.6 to +9'1/,-,,1: Sewage mean range +2.3 to +7.2''/,,,,: Owens, 1987). As these two 
nutrient sources arc not isotopically distinct, the o 15N value of marin c organisms which 
assimii-:1\' POM cannot be used to distinguish which of the two sources they have 
assimilated ii~ fr,; .-.-:rticular environment (Owens, 1987). 
However, the trends in the o15N values for sponge Clathria sp., arc very similar to trends 
displayed by macroalgae species that developed an isotopic signature in response to 
sewage effluent. Clathria sp. grown in treatment tanks in the laboratory experiment had 
significantly higher 815N values than those grown in control tanks. There was also a 
decrease in o15N in organisms sampled west of the outlet, which is consistent with o15N 
values collected in macroalgae species west of the outlet. Lastly, Clathria sp. collected 
from the Alkimos reference site had significantly lower 8 15N values than several of the 
sites sampled around the outlet. Tipping (Unpublished, 1999) samp-lcd phytoplankton 
which had been exposed to sewage DIN with elevated o15N values. Therefore. it .·ould be 
hypothesized that sponges are assimilating phytoplankton with elevated 6 15N values from 
sewage DIN, resulting in sponges having higher o15N values. However, not enough is 
known about sponge (or ascidian) dietary requirements to confim1 this hypothesis, and 
thus further research is warranted. 
4.1.3 Temporal Patterns in the Distribution of Sewage Effluent 
Macroalgae with different morphological types, appear to assimilate dissolved inorganic 
nitrogen at varying rates and hence over different time periods (Wallentinus, !984). If the 
isotopic signatures of these species provide a representation of nutrients integrated over 
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varying time periods, then there is potential for the isotopic signature of these organisms 
to reflect short, medium and long periods of effluent dispersal. The results from U. 
australis and Vitlalia sp., confirmed that in the short and medium-term, the distribution of 
wastewater effluent can be confidently predicted. However, a lack of significant results 
for E. radfota indicate that in the long-term, the distribution of sewage effluent cannot be 
predicted using the & 1 5N val u c oft his spec i cs. 
U. auscralis has commonly been reported as an opportunistic species (Dhargalker, 1986; 
Coles & Ruddy, 1995; Lyngbc & Mortensen, 1994), and responds very quickly to any 
additional nutrients in the water column (Wallentinus, 1984). As such, it can be expected 
to incorporate nitrogen from sewage effluent into its tissues over a comparatively short 
period of time or alternatively, be able to respond rapidly to a short pulsated exposure to 
sewage. Therefore, its 615N value is likely to reflect nutrient sources it has assimilated in 
the recent past. This theory was !;onfinned by U. australis grown in the presence of 
sewage effluent in the laboratory experiment having a significantly higher mean o15N 
value (9.334 °/oo) than U. australis grown in the absence of sewage effluent (-1.787''/oo), 
after only seven days exposure. 
The higher o15N values of U. australis sampled north and south of the Ocean Reef 
sewage outlet can be interpreted as reflecting the presence of a high 615N source in that 
region over a comparatively short period of time. It is unlike!y that the plume had a 
significant westerly drift, as during this period, the mean 615N value for U auslralis 
decreased rapidly with distance from the outlet in a westerly direction. Although 
Lagrangian Particle track movements taken in November by Pattiaratchi and Knock 
(1995), indicate predominantly northerly movement of water particles in spring with 
occasional (seldom) movement west. U.australis collected from site 12 along the western 
transect, did have a higher 815N value than the reference site, indicating there was 
possible westerly movement in the past, confom1ing to trends presented by Pattiaratchi 
and Knock (1995) and Kinhill (1999; Figure 4.2). The contribution of 815N data, and our 
knowledge of the nitrogen uptake capacity of U.australis, make it reasonable to conclude 
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that over the recent short term, the pl umc had a prcdom in ant north~south di stri hution, 
with some possible movement to the west. 
Vidalia .sp .. being a branched, foliose species, was selected to represent a moderate term 
distribution of effluent, as according to Wa\lcntinus ( 1984) its morphological structure is 
adapted to assimilating nutrients .11. a moderate rate. The laboratory experiment confirmed 
that this species was able to develop a higher isotopic signature representative of sewage 
effluent, even under very low concentrations of sewage effluent, however this response 
was not as strong as U. australis. As per U. austra/is, Vidalia sp. collected north and 
south of the sewage outlet generally had higher 315N values than organisms collected 
west of the outlet and at the Alkimos control site. As Vidalia sp. is unlikely to reilect a 
very quick pulsated exposure to sewage effluent (as detem1ined by the weaker response 
to sewage in the laboratory experiment), the general pattern for this period is being 
reflected in the higher o15N values of Vidalia sp. collected north an south of the outlet. 
However, there is less validation for any westerly drift in the plume in the medium-tenn 
as there is no difference in 815N values in sites IO, 11 and 12 along the western transect 
and the reference site. 
Eck/onia radiata which is likely to have a slow nutrient uptake capacity (Wallentinus, 
1984), did not develop an isotopic signature in response to sewage effluent in the 
laboratory experiment. Nor did the 815N values of£. radiata sampled around the sewage 
outlet indicate many significant differences in o15N. Therefore, based on the results of 
this project, it is unlikely that this species could be used to confidently predict trends in 
the dispersal of sewage effluent for the long-tenn period. 
An alternative hypothesis to E.radiata not being able to develop an isotopic signature 
representative of sewage effluent is that these species are not actually assimilating 
sewage DIN, or, that they have a preference for oceanic DIN. Red and brown 
macrophytes have often been cited in the literature as declining in abundance and 
diversity around sewage outlets as they are known to be sensitive to increased nutrient 
concentrations associated with sewage disposal (Munda, 1993; Pecka I & Rivers, 1996). It 
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is possible that E.radiata did not develop a higher 315N value in treatment tanks in the 
laboratory experiment because they were stressed with the higher nutrient concentrations 
associated with sewage effluent. It was also estimated using the mixing model that 
E. radiata collected around the sewage outlet generally assimilated a lower :fraction of its 
DIN from sewage than did Uaustralis (Figures 3.19 and 3.21). It is therefore possible 
that the lack of trends for E.radiata, are indicating a preference for oceanic DIN over 
sewage DIN. However, independent of which hypothesis is correct, E.radiata would not 
provide environmental managers with an effective tool for monitoring sewage effluent, 
and it is likely their 315N value would be underestimating the availability of sewage DIN 
in the water and hence the distribution of sewage effluent. 
Figure 4.1 Estimated distribution of the plume extending from the Ocean Reef sewage outlet. 
The left graph represents an exceedence of a I :500 dilution of effluent in surface waters and the 
right graph represents an exceedence of a I :500 dilution of effluent in bottom waters, at current 
effluent output volumes (70Ml/day; Pattiaratchi & Knock, 1995). 
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Figure 4.2 Simulated distribution of sewage effluent released from the Ocean Reef sewage outlet 
in May (left graph) and February (right graph; Kin hill, 1999). 
4.2 CONTRIBUTION OF SEWAGE NITROGEN TO PLANT REQUIREMENTS 
The stable isotopic signature of a marine organisms can reveal the relative contribution of 
different nutrient forms. This study has focused primarily on nitrogen as it is clearly 
evident that marine organisms, especially macroalgae, have shown a direct response in 
their nitrogen isotopic signature to nutrient inputs such as sewage effluent. 
In order to confirm that macroalgae were developing a nitrogen isotopic signature in 
response to sewage effluent, the isotopic signature of their nutrient sources (seawater, 
groundwater & sewage effluent) had to be distinct from one-another (Owens, 1987; 
Lajtha & Michener, 1994). This study was able to confirm the 8 15N values of sewage 
I -DIN, Sewage POM and background POM. Sewage effluent had mean 8 'N values that 
ranged between 25.3°foo (collected November 1999) and 13.S°!aa(collected March 2000). 
The value for November 1999 although high, only marginally extends the range of values 
reported for sewage effluent in the literature (Table 4.1 ). Unpublished data by Tipping 
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(1999) indicates that inter-seasonal variations in o1~N can occur. Thus the large range of 
values found for sewage in this study arc likely to represent temporal variabi I ity in 15N. 
Given Perth coastal waters have an estimated isotopic signature of approximately 6.r'/,,,1. 
(sec section 2.3.2) there is a large distinction between oceanic and sewage o15N values 
(range of 13.511/ 00 to 25.3°/w), making it possible to differentiate between these two 
sources for tracer studies. 
The value for oceanic DIN could not be obtained due to the low nitrogen concentrations 
in seawater and an estimate was made (6.7°/00} based on values provided in Table 4.1. For 
this reason, steam distillations have commonly been cited in the literature as laborious 
and r:r00!ematic (Sigman et al., 1997; Holmes, et al .. 1998) and can explain the relatively 
few reported 615N values for oceanic DIN. An alternative method for the collection of 
DIN from seawater with very low nitrogen concentrations has been reported by Sigman 
et al., (1997) and Holmes et al., (1998). This involves active diffusion of ammonium 
from solution, onto a acid trap filter pack. Both papers have reported high success rates. It 
is therefore a recommendation of this study to explore this method in more detail for 
future studies that !"equire the isotopic signature for nitrogen in marine waters that have 
very low nitrogen concentrations. 
Groundwater may also be a source of nutrients to inshore coastal reef communities. This 
study attempted to attain an isotopic signature for groundwater DlN. However, as per 
section 3.1, groundwater samples were discarded. Groundwater typically has 8 15N values 
between -2°1oo and 8%0 (Kreitler, et al., 1978; Aravena et al .. 1993; Macko & Ostrom, 
1994), making it difficult to distinguish it from oceanic nitrogen sources, therefore 
negating its applicability in this marine environment. 
The amount of sewage assimilated by macroalgae surrounding the Ocean Reef sewage 
outlet was estimated using the mixing model described in section 2.3 and the values for 
seawater and sewage provided above. As it appears that sewage effluent can have a high 
seasonal variability, both mean 615N values for sewage effluent were used to cover the 
estimated range of responses from macroalgae to sewage effluent that might be expected 
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to be found around the outlet at different times of the year. Where 13.51'/,,,; was used as 
the mean B1:;N value for sewage effluent. it appears that macroalgac arc assimilating a 
very large proportion of their DIN from sewage nitrogen (up to 95i!lii for U. auslralis 
sampled north of the diffuser). However. given the high flushing rates of the Ocean Reef 
lagoon (average 1.5 days; Lord & Hillman. 1995) and it being a well mixed environment 
(Pattiaratchi & Knock, 1995), it is unlikely that the amount of sewage effluent 
assimilated by U.australis is as high as 95%. Alternatively, when a conservative value 
was used in the mixing model for sewage effluent (i.e. 25.3''/1,,,), U.ausrralis were still 
estimated to have assimilated up to 40% of their DIN from sewage along the northern 
transect (Figure 3.19b ). Thus, even conservative estimates of nitrogen uptake suggest that 
sewage effluent contributes a significant proportion of the nitrogen assimilated by 
U.australis, sufficient to permit the development of isotopic signatures which will reflect 
the historical presence of sewage effluent. 
E.radiata and Vidalia sp. appear to have assimilated a lower proportion of sewage 
effluent in the same area (between 20% and 75%). This may be because these species are 
sensitive to increased concentrations of sewage DIN and hence have a preference for 
Oceanic DIN over Sewage DIN, as hypothesized in section 4.1.3. Several studies have 
confirmed a decline in red and brown rnacroalgae species (Coles & Ruddy, 1995; Peckol 
& Rivers, 1996) and increased abundances of opportunistic green macroalgae (Dargalker, 
1986) in the vicinity of sewage outlets. Thus differences in the amount of sewage DIN 
assimilated by different forms of macroalgae may potentially be used to confirm whether 
losses or increases of macroalgae abundance around sewage outlets can be attributed to 
the capacity of certain macroalgae species to assimilate sewage DIN. 
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--~-~·~-=1 ·--Type S0ur1.:e/ toration &'!IN T~L_ ____ ~---- Reference 
H.anee Mean ~-
Oceanic DIN 
. 
Ocl'anic Nitrate North Pacific +6 Cline & Kaplan 
Ocl'an (1975} 
-~ 
Oceanic Nitrate North Pacific I (iJ lo I 6.6 t6.4 Miyake & Wada 
Ocean (1967) 
Oceanic Nitrate SE Indian Ocean -t4.5 to +7 +6.8 Sigman el u!. 
(1997) 
Oceanic Nitrate Atlantic Ocean +5to+l9 +7 Liu & Kaplan 
(1989) 
Ammonium North Pacific +7 Miyake & Wada 
Ocean (1967) 
Groundwater DIN 
Nitrate Ontario, Canada +J.4 to +6.2 +4.6 .± 0.8 Aravcna el al., 
(l 993) 
Nitrate Long Island. New -3 to +8 +1 Kreitler et al .. 
York (1978) 
Sewa£e Effluent DIN 
Nitrate Human & Animal +10 to +20 McClelland & 
Waste Valiela (1997) 
Nitrate Septic Plume in +8.1 to +13.9 9.9 .± 1.5 Aravena et al., 
Groundwater (1993) 
Ammonium Sewage effluent +5 to+ 11 +8.0 Pearl et al .. (1993 ): 
cited Pearl & 
Fogel (1994) 
Nitrate Secondary Tr<:ated +22 Tipping 
Effluent (Unpublished) 
Ammonium Secondary Treated +12 Tipping 
Effluent (Un published) 
Table 4.1 A summary of mean 615N values provided for Oceanic DIN, Groundwater DIN 
and Sewage effluent from the literature. 
4.3 MANAGEMENT IMPLICATIONS 
At the time of producing this thesis, the Western Australian Water Corporation had just 
been granted pennission by the EPA, to double the amount of sewage effluent released 
from the Ocean Reef wastewater outlet. Plans have also been approved for another outlet 
near to the Alkimos reference site (Kinhill, 1999). If the volume of sewage effluent 
released into Perth coastal waters triples, as predicted by Lord and Hillman (1995), 
within the next 40 years, approximately 80% of sewage produced in the Perth 
metropolitan area will be disposed of into the ocean. The abundant number of studies 
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detailing with the various impacts of nutrient loading around sewage outlets (Rosenburg 
et al., 1990; Munda, 1993; Bjork el al., 1995) suggests that effective monitoring 
programs need to be installed in Perth, to establish whether sewage cfnucnt is having an 
impact on Perth's marine communities. 
Recent work in Perth coastal waters (Hillman et al., 1995) ha_s focused on the use of 
broad taxonomic groups to detect changes in abundance and biomass around sewage 
outlets to assess the impacts of sewage effluent of marine biota. This study, like the 
findings by Carballo et al. (1996) and Roberts {1997) on sponges, had difficulty in 
directly linking habitat disturbance to nutrient enrichment. This is because large natural 
variations in species diversity and abundance made it difficult to disentangle any impacts 
of sewage effluent on benthic communities, if impacts had occurred. To disentangle this 
natural variability in biotic assemblages from ~hat caused by sewage, environmental 
managers must be confident that an area is actually being exposed to sewage effluent, 
thereby permitting classic control-impact studies. As stated in both the Perth Coastal 
Waters Study (Lord & Hillman, 1995) and PLOOM reports (Kinhill, 1999), models used 
to depict the distribution of sewage only provided a generalized pattern of effluent 
dispersal which is not detailed enough to confidently predict whether precise locations 
are being exposed to sewage. Nitrogen stable isotopic signatures of marine macroalgae 
can provide monitoring programs with a more precise tool for measuring the distribution 
of sewage effluent in the marine environment. This will allow managers to more 
confidently gauge whether marine biota have been exposed to sewage effluent, and 
hence, determine if disturbance has occurred in an area as a result of nutrient loading. 
Spot sampling techniques have been extensively used in the past IO years to collect 
physiochemical data for the PCW Study (Lord & Hillman, 1995) and PLOOM reports 
(Kinhill, 1997, 1999). As discussed in section 1.2, samples taken at a particular point in 
time, may not provide a picture of the effluent dispersal which is truly indicative of the 
general distribution of sewage effluent. Especially in coastal waters such as Perth, where 
conditions are highly variable (Searle & Semeniuk, 1985; Pattiaratchi & Knock, 1995). 
This study proved that, because many macroalgal species are in a fixed location in the 
69 
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marine environment. their isotopic signature can be used to reflect sewage cmucnt 
incorporated from a particular point in the water column, over an integrated period or 
time. The results from this study also demonstrated that, to be able to trace the 
distribution of the plume using o15N, the macroalgae selected for isotope analysis must 
have a strong response to sewage efnucnt so that particular sites can be positively 
identified as receiving sewage effluent. Weak responses, such as those by E.radiata will 
not allow environmental managers to confirm whether or not a site is actually being 
exposed to sewage (even if sites appear to have a higher o15N value), due to lack or 
statistical difference between sites. Within a monitoring program such as PLOOM 
(Kinhill, 1997, 1999), macroalgae species such as Ulva sp. which have a strong response 
to sewage DIN can be strategically sampled around sewage outlets, and their isotopic 
signature analyzed for 15N, to detennine the distribution of sewage effluent in the marine 
environment. Thus the 615N value for macroalgae can be used to effectively overcome 
problems associated with the transient nature of the plume. 
The results from this study also imply that, by selecting macroalgae with varymg 
nutrient uptake capacities, the distribution of sewage effluent can effectively be mapped 
over short and medium-tenn time scales. Again, if a macroalgae sampling strategy was 
incorporated into a long term monitoring program, and certain species selectively 
targeted to represent different periods of integration of sewage by macroalgae, 
environmental managers could confidently estimate both the short-tenn and general 
distribution of the plume, reducing the need for intensive and expensive spot-sampling 
strategies. 
f= 
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APPENDIX A 
o15N and o13C Values for Field Experiment 
APPENDIX A: Delta 15N and 13C values for macroalgac and filter feeding species 
collected from sites I to 12 (S 1 to S 12} around the Ocean Reef sewage outlet, and from 
the Alkimos re forence si tc ( S 13 ). Rep. refers to replicate sample. 
Delta15N Delta 13C _, 
Site U.australis Vidaliasp. E.radiata Clathrfa sp. P.australfs U.australis Clathria sp. P.australis 
S1 rep.1 11.039 8.585 10.478 11.761 3.179 -15.437 -16.727 -19.529 
rep.2 11.501 7.93 11.739 12.707 2.457 -17.945 -16.816 -19.026 
rep.3 11.344 8.209 10.776 12.56 13.901 -16.89 -16.989 -18.391 
S2rep.1 11.517 9.319 11.304 11.519 14.646 -17.352 --14.699 -18.006 
rep.2 10.679 9.695 12.198 11.0:)2 11.583 -15.903 -14.253 -18.962 
rep.3 9.575 9.551 12.357 10.863 11.972 -18.378 -18.144 -18.998 
S3rep.1 12.156 8.313 12.125 12.23 11.914 -14.678 -17.948 -19.16 
rep.2 12.132 8.441 9.15 12.086 11.535 -14.825 -19.803 -20.041 
rep.3 12.344 6.81 12.898 12.212 11.885 -15.079 -18.998 -'19.679 
S4rep.1 10.54 9.956 10.687 12.529 -15.254 -19.336 
rep.2 10.298 9.205 10.109 -14.865 
rep.3 10.734 9.904 10.559 -16.314 
S5rep.1 10.941 8.552 10.705 12.539 -15.282 -18.757 
rep.2 10.883 7.55 10.039 11.735 -15.009 -18.113 
rep.3 10.709 6.058 9.678 12.677 -16.302 -18.302 
S6 rep.1 12.304 10.862 11.731 -15.259 -19.068 
rep.2 12.615 11.965 12.701 -15.174 -18.66 
rep.3 12.729 11.439 12.62 -16.021 -18.378 
S7rep.1 12.568 8.69 13.15 11.963 -14.37~ -18.296 
rep.2 13.064 8.9 11.681 12.11 -15.254 -18.911 
rep.3 12.744 10.173 11.686 11.767 -14.469 -19.82 
58 rep.1 12.644 10.251 11.297 12.761 -16.985 -20.685 
rep.2 12.445 10.473 10.002 13.137 -15.827 -,;0.652 
rep.3 12.664 9.927 11.713 12.475 -17.865 .. 19.347 
S9rep.1 12.156 10.045 11.712 11.876 15.522 -18.69 
rep.2 12.252 10.366 13.255 11.279 -15.523 -19.492 
reo.3 12.152 10.205 13.086 11.502 -15.24 -19.461 
S10rep.1 10.585 8.181 9.618 12.154 12.052 -15.781 -15.795 -19.799 
rep.2 10.136 7.136 8.747 12.851 12.075 -17.825 -16.702 -19.824 
rep.3 10.174 7.032 9.196 12.863 11.898 -15.025 -18.442 -18.93 
S11 rep.1 10.119 7.355 10.315 11.42 12.497 -17.564 -11.049 -20.046 
rep.2 9.741 7.115 10.211 11.468 12.308 -15.97 -18.154 -19.354 
rep.3 9.683 7.609 12.369 12.21 11.683 -15.716 -17.3'/1 -19.665 
S12rep.1 8.375 6.352 10.425 10.861 -17.564 -18.626 
rep.2 9.129 6.178 9.905 10.475 -17.397 -18.349 
rep.3 8.951 6.308 9.516 10.54 -15.677 -17.652 
S13rep.1 5.543 6.59 10.536 10.478 11.417 -19.127 -18.405 -20.14 
rep.2 6.707 6.389 7.185 10.655 11.28 -19.833 -18."163 -18.9 
rep.3 6.096 6.417 8.03 10.848 11.178 -18.796 -17.998 -20.577 
APPENDIXB 
o15N and o13C Values for Laboratory Experiment 
APPENDIX 8: 3 15N and BuC values for macroalgac and filter feeding species, grown 
under laboratory conditions in either the presence (treatment) or absence (control) of 
sewage cfnucnt. Rep. refers to replicate s:m1plc. 
Delta 15N 
Species Variable Rep.1. Rep. 2. Rep. 3. Rep.4. 
U.austra/is 
Treatment 7.97 10.055 9.924 9.388 
Control -0.17 -2.13 -2.435 -2.416 
Vidalia sp. 
Treatment 10.644 9.005 8.622 8.859 
Control 7.8 8.099 7.439 8.173 
;";.radiata 
Treatment 10.924 11.035 9.498 9.496 
Control 9.394 9.881 -1,0.728 9.173 
Clathria sp. 
Treatment 12.79 13.208 13.202 
Control 12.098 10.296 9.563 
P.australis 
Treatment 10.994 9.396 10.195 
Control 8.53 7.234 5.87 4.75 
--
Delta 13C 
Species Variable Rep. 1. Rep.2. Rep. 3. Rep.4. 
U.austra/is 
Treatment -14.78 -14.13 -14.034 -14.392 
Control -24.449 -24.471 -24.577 -24.445 
Clathria sp. 
Treatment -13.523 -13.948 -14.014 
Control -13.664 -12.26 -14.454 
P.australis 
Treatment -18.524 -19.001 -19.7 
Control -19.199 -18.714 -19.449 -16.136 
i-
APPENDIXC 
o 15N Values for Nutrient Sources 
,r· 
APPENDIX C: o1sN values for nutrient sources. DIN refers to <lissolvcd inorganic 
nitrogen; POM. J>articulatc organic matter; Outlet. samples collected from directly ahovc. 
Ocean Reef waste water outlet; Reference, samples collected from the Alkimos reference 
site. 
Delta 15N Date 
Source Type Collected Rep. 1. Rep. 2. Rep.3. 
Sewage DIN #1 23.11.99 28.1 22.9 25.05 
Sewage DIN #2 03.03.00 14.36 14.62 12.43 
Sewage POM 23.11.00 7.1 6.9 13.5 
Outlet POM 20.10.00 7.3 7 7.4 
Reference POM 25.11.99 7.1 7.1 7 
APPENDIXD 
Groundwater, Seawater & Sewage Nitrogen Concentrations 
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APPENDIX D: Nitrate (NO.,-) and ammonium (NJ-fa) concentrations for groundwater, 
seawater and sewage effluent used in the steam distillation process for isotope analysis. 
Amount distilled/collected refers to the volume of sample used for isotope analysis. GES. 
\VF 13 and GW I arc groundwater sampling locations in Ocean Reef (all located within 
approximately 2km of thi: Ocean Reef marina). 
Source NO~J .. NH4 Amount Amount 
mg/il mgll Distilled Collected 
Groundwater 
GE5 0.3 0.17 1.5L 0.750L 
WF 13 3.6 0.17 1.5L 0.750L 
GW1 1.3 0.87 1.5L 0.750L 
Seawater 
Site 8. 0.0118 3.0L 1.5L 
Site 9. 0.0034 3.0L 1.5L 
Site 12. 0.0059 3.0L 1.5L 
Outlet 3.0L 1.SL 
Alkimos#1 0.0034 3.0L 1.5L 
Alkimos#2 0.0034 3.0L 1.5L 
Alkimos #3 0.0034 3.0L 1.5L 
Lab Control #1 0.048 3.0L 1.5L 
Lab Control #2 0.042 3.0L 1.5L 
Lab Control #3 0.0471 3.0L 1.5L 
Lab Treatment #1 0.0927 3.0L 1.5L 
Lab Treatment #2 0.106 3.0L 1.5L 
Lab Treatment #3 0.103 3.0L 1.5L 
Sewage DIN 
November#1 9.3 2.55 0.500L 0.250ml 
November#2 9.3 2.55 0.50DL 0.250ml 
November#3 9.3 2.55 0.5DOL 0.250ml 
March #1 17.3 4.5 0.SOOL 0.250ml 
March #2 17.3 4.5 0.5DOL 0.250ml 
March#3 17.3 4.5 0.5DOL 0.250ml 
APPENDIXE 
Pilot Steam Distillations 
APPENDIX E: Results from trial steam distillations, pcrfonned as per Bremner ( J 9(,5 ). 
Initial NH.i rcfors to the concentration of sample the sample aliquot prior to steam 
distillation. Final NH.i. refers to the conccnlratiou of the di.,Lillate post steam dbdllation. 
Samples were discarded if there was alkaline carryover from the distillation nask, into to 
distillate collection nask. 
Trial Steam Distillations 
Distillation No. Volume Volume 40%NaOH Initial NH4 Final NH4 
Date Distilled Collected mis pH mg/L mg/L 
#1 10.12.99 500ml 500ml 1 9.9 0.093 0.625 
#2 22.12.99 500ml 250ml 0.5 9.5 2.5 discarded 
#3 22.12.99 500ml 250ml 0.5 10.1 1.25 1.12 
#4 22.12.99 500ml 250ml 0.5 9.8 0.625 0.28 
#5 22.12.99 500ml 250ml 0.5 9.6 0.125 0.625 
#6 11.01.00 500ml 500ml 0.7 10.3 0.336 0.238 
#7 11.01.01 500ml 500ml 0.7 10.1 1.004 1.064 
#8 19.01.00 500ml 200ml 0.5 9.8 0.475 0.33 
#9 19.01.01 500ml 200ml 0.5 9.8 0.6 discarded 
#10 19.01.02 500ml 250ml 0.5 9.6 0.838 0.84 
APPENDIXF 
Groundwater sampling Locations 
APPENDIX F~ Groundwater sampling lo:-ations. Locations as per Map 165, UBD Perth 
2000, 4t11.1 Edition, Street Directory. 
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